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DIRECT-GAP GeSn, Ge AND SiGeSn EPILAYERS AND 
NANOSTRUCTURES GROWN ON SILICON 



STATEMENT OF GOVERNMENT FUNDING 

[0001] The United States Government provided financial assistance for this 

project through the National Science Foundation under Grant No. DMR 0221993 and through 
the Army Research Office Grant No. DAA 19-00-0-0471. Therefore, the United States 
Government may own certain rights to this invention. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to semiconductor materials and, more 

particularly, to semiconductor structures having direct-gap GeSn, Ge and SiGeSn epilayers and 
nanostructures formed on silicon. 

[0003] It has been known for many years — on theoretical grounds — that the Sn- 

Ge alloy system and the Si-Ge-Sn ternary alloy should have very interesting properties, 
especially as infrared devices. This has stimulated intense experimental efforts to grow such 
compounds, but for many years the resulting material quality has been incompatible with device 
applications. 

[0004] The physical properties of most semiconductor alloys are smooth 

functions of their composition, providing a very versatile tool for device engineering. Alloys of 
elemental semiconductors such as Si and Ge, and alloys of III-V compounds such GaAs, AlAs, 
InAs, and InP, play a key role in high-speed microelectronics 1 and in optoelectronics. 2 In 
particular, the group-IV Ge^Si]^ system is a nearly ideal semiconductor alloy, with a lattice 
constant and interband optical transition energies that are essentially linear functions ofx. 3 

[0005] An even more intriguing group-IV alloy is the Gei.^Sn^ system. Group-TV 

semiconductors are notorious for not displaying a direct band gap, which precludes their use as 
active layers in light-emitting diodes and lasers. The band gap of the Gei^Sn* alloy, however, is 
expected to undergo an indirect-to-direct transition, since the direct band gap has a value of 0.81 
eV in Ge and becomes negative (-0.4 eV) in gray (a-) Sn. 4 A linear interpolation between Ge 
and a-Sn places the crossover at x = 0.2, and this simple estimate agrees remarkably well with 
detailed electronic structure calculations within the virtual crystal approximation. 5 ' 6 
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[0006] Unfortunately, the growth of Gei^Sn* alloys has been hampered by the 

enormous lattice mismatch (15%) between Ge and a-Sn and the instability of the cubic a-Sn 
structure above 13°C. As a result, the system is highly metastable and cannot be produced in 
bulk form. However, the reported stabilization of a-Sn in films grown by molecular beam 
epitaxy (MBE) on InSb and CdTe substrates 7 encouraged several groups to attempt the growth of 
Gei.^Sn* using the same procedure. Significant progress has been made, 8 ' 9 but the large 
compositional dependence of the lattice constant limits this approach to a narrow range of 
compositions near the Sn-rich end. For the Ge-rich Gei-jSn* alloys, which are of more interest 
technologically, pure Ge is an obvious choice as a substrate, and in fact fully strained Sn„Ge m 
superlattices 10 as well as random Gei. x Sn x alloys" on Ge have been demonstrated. 
Unfortunately, a major disadvantage of Ge substrates is that tetragonally distorted Gei.^Sn* films 
on Ge are not expected to display an indirect-to-direct transition. Ge-rich Sn^Gei-* films have 
been grown by Pukite, Harwit, and Iyer 12 and by He and Atwater 13 on Si substrates using Ge 
buffer layers. The optical properties of these films, however, differ very markedly 13 from those 
observed in conventional semiconductor alloys: individual interband transitions are not observed, 
and the position of the band edges is obtained from fits that must incorporate transitions not 
found in pure Gc. 

[0007] The unusual optical properties of Sn^Ge]., alloys 13 suggest that it may not 

be possible to describe the Gei_ x Sn^ system in terms of an effective band structure, as is usually 
done with well-behaved semiconductor alloys. An anomalous dependence of the physical 
properties on composition has in fact been predicted for alloys of very different materials, such 
as GaAsN, 14 and given the large mismatch between Ge and Sn, similar findings would not be 
entirely surprising for Gei.jSn* alloys. If this were the case, the possible applications of Sn^Ge^ 
alloys would be severely limited. 

SUMMARY OF THE INVENTION 

[0008] According to the present invention, there is provided a novel method for 

synthesizing device-quality alloys and ordered phases in a Si-Ge-Sn system using a UHV-CVD 
process. The method is based on precursor CVD in which growth mechanisms and surface 
kinetics are substantially different than those inherent to MBE processes to generate new 
materials (epi layers and nanostructures) that cannot be created by conventional CVD and MBE 
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routes. The range of target materials is wide. In this document we focus on specific systems that 
are likely to be used in fabrication of new and efficient infrared photodetectors and sensors as 
described below. 

[0009] In accordance with the invention, we have grown device-quality Sn-Ge 

and Sn-Ge-Si materials directly on Si substrates. We have determined the optical properties of 
strain-free Gej_ x Sn x films grown directly on Si. Unlike previous results, our films show clear 
evidence for a well-defined Ge-like band structure, demonstrating that Gej. x Sn x alloys are viable 
candidates for a variety of novel devices based solely on group-IV materials. Thus, the method 
of our invention can be used to fabricate novel Si-Ge-Sn semiconductors materials with tunable 
band gaps, which are suitable for highly sensitive TR photodetectors (1.55- 2.2 um) 

[0010] Semiconductor structures according to the invention include Gei_ x Sn x 

alloys (x = 0.02-0.15) that exhibit adjustable direct bandgaps between 0.7 eV and 0.4 eV, novel 
ordered structures with composition Ge 5 Sn, strained direct gap Ge layers grown on Sni- x Ge x 
buffer layers, ternary (SiGe)i. x Sn x solid solutions as well as related multilayer Si/Gei. x Sn x /Ge 
heterostructures that are easy to manufacture and are predicted to exhibit intense absorption at 
1.55 um. The optical properties indicate that these materials can be used to fabricate new and 
efficient infrared photodetectors and sensors and related optical communication devices. 

[0011] Semiconductor nanostructures such as Ge-Sn and Si-Ge-Sn quantum dots 

with tunable electronic and structural properties and nanowires of Ge-C alloys can be formed 
directly on silicon substrates. Si-Ge-Sn nanostructures with direct tunable bandgaps combined 
with the underlying Si substrate should have tremendous potential for use in infrared laser 
technologies, which makes them more desirable than any device based on Si and Ge. 

BRIEF DESCRIPTION OF THE DRAWINGS AND APPENDICES 

[0012] The accompanying drawings, which are incorporated in and constitute a 

part of the specification, illustrate the presently preferred embodiments of the invention. 
Together with the general description given above and the detailed description of the preferred 
embodiments and methods given below, they serve to explain the principles of the invention. 
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[0013] FIGs. 1A and IB show Rutherford backscattering spectra of two 

representative SnGe/Si films according to the present invention demonstrating full Sn 
substitutionality. 

[0014] FIG. 1C shows a high-resolution electron micrograph of the interface 

region of a representative SnGe/Si film according to the invention, with arrows showing misfit 
dislocations. 

[0015] FIG. ID is an electron micrograph showing the film surface of a 

representative SnGe/Si film according to the invention. 

[0016] FIG. IE shows a selected-area diffraction pattern of a representative 

SnGe/Si film according to the invention. 

[0017] FIG. 2 is a graph of the absorption coefficients of bulk Ge and of a 

Sno.02Geo.9g alloy grown on Si according to the invention, which shows the order-of-magnitude 
increase of absorption at 1.55 urn. 

[0018] FIG. 3 is a graph of the second derviative of the dielectric function from 

ellipsometric measurements, in which the direct bandgap for Sno.02Geo.98 and Sno.14Geo.g6 are 0.74 
eV and 0.41 eV, respectively, are compared to 0.81 eV for Ge. 

[0019] FIG. 4 is a graph of the second derivative of the imaginary part of the 

dielectric function near the Ei transition, which shows that the E\ for Sno.02Geo.98 and Sno.14Geo.86 
are 2.07 eV and 1.78 eV respectively, compared to 2.12 eV for Ge. 

[0020] FIG. 5 is a band diagram of pure Ge. The red line and arrows show 

schematically the redshift in bandgap energies for E G (direct gap), Ei, Ei+AE,, E 2 etc. with 
incorporation of Sn into Ge. 

[0021] FIGs. 6A-6C show band gap energies vs. Sn concentration x for Gei_ x Sn x 

(x=2-20 %) and depict a systematic reduction of the gap energies with increasing Sn content. 
FIG. 6A shows Ei and E1+A1. FIG. 6B shows E 2 . FIG. 6C shows the E Q ' critical points of the 
band structure. 

[0022] FIG. 7 shows the predicted band gaps of tensile-strained Ge as a function 

of the Sn concentration in the Sn^Gei^ buffer layer. 
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[0023] FIG. 8 is an XTEM micrograph of the entire Si/Sn-Ge/Ge heterostructure 

thickness showing virtually no defects terminating at the top surface. Plan view TEM analysis 
shows that the defects are mainly concentrated at the Ge-Sn buffer layer. 

[0024] FIG. 9 is a low energy SIMS elemental profile of Gei- x Sn x (As) y grown by 

reactions of As(GeH3)3 with digermane and S11D4 showing a highly uniform As concentration 
throughout the sample. The As incorporation is readily increased by raising the partial pressure 
of As(GeH 3 )3 in the reaction mixture. Superdoped single-crystalline films with As concentration 
up to 2 at.% have been prepared using this new method. 

[0025] FIG. 10 shows the conduction band offset for a Ge/SiGeSn heterostructure 

at constant strain. The lower curve shows the Si concentration needed to keep the strain constant 
as the Sn concentration is increased. 

[0026] FIG. 1 1 shows RBS random (black trace) and aligned (red trace) spectra 

of Geo.82Sio.13Sno.os grown on Geo.95Srio.o5/Si(100). The channeling for Si, Sn and Ge is the same 
indicating single phase material. 

[0027] FIG. 12 shows a 1.55um IR photodetector based on simple Ge/Sn-Ge 

herostructures. 

[0028] FIG. 13 is an XTEM micrograph of the Ge 4 . 5 Sn sample demonstrating that 

the ordered phase forms adjacent to the Si(l 11) inteface throughout the layer. The inset image is 
the diffraction pattern of the entire layer and the Si substrate, which shows a clear set of 
superlattice spots corresponding to the ordering along the (111) direction. 

[0029] FIG. 14 depicts models of the layered Ge 5 Sn alloys consistent with the Z- 

contrast atomic resolution microscopy. 

[0030] FIG. 15 is a sequence of LEEM frame-captured images from an 8-um 

diameter area of GeSn growth showing layer-by-layer growth. The thickness of the GeSn 
epitaxial layer is indicated below each image. 

[0031] FIG. 16A is an XTEM image of a Gei. x Sn x (x=0.03) island on Si(100), 

showing a small quantum dot exhibiting highly coherent epitaxial and defect-free character. The 
micrograph illustrates the relationship between size and quality of epitaxial growth. 
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[0032] FTG. 16B is an XTEM image of another Gei. x Sn x (x=0.03) island on 

Si(100), showing a larger island in which strain is relieved via formation of (1 1 1) stacking faults. 

[0033] FIG. 17A is a high resolution XTEM image of periodic arrays of highly 

coherent and stoichiometric SiGe islands grown on Si(100) with uniform size distribution at 
450°C. 

[0034] FIG. 17B is an XTEM image of a Si 0 .5oGe 0 . 5 o island grown at 600°C. 

[0035] FIG. 17C is an XTEM image of a Si 0 .soGe 0 .5o island grown at 700°C. 

[0036] FIG. 18A is a high resolution XTEM image of a Si-Ge-Sn island on Si. 

[0037] FIG. 1 8B is an island-Si interface showing perfect epitaxy. 

[0038] FIG. 1 8C is a SEM image of an island ensemble. 

[0039] FIG. 18D is a plan-view XTEM image showing Moire fringes of two Si- 

Ge-Sn islands and the Si substrate. 

[0040] FIG. 19 shows a schematic representation of the A(BH3)4 cluster where 

{A,B} = {Si,Ge,Sn}, with the dark gray sphere representing A, the light gray spheres 
representing B, and the white spheres representing H. 

[0041] FIG. 20A shows XTEM images and EELS profiles of Si 4 Ge islands grown 

onSi(100)at450° C. 

[0042] FIG. 20B shows periodic anays of islands with fairly uniform size 

distribution line across island indicates EELS line scan. 

[0043] FIG. 20C is an EELS profile showing a uniform 20% Ge content across an 

island with a typical island height of 50 run. 

[0044] FIG. 21 shows an XTEM image of a Ge 0 .9iC 0 .o9 island grown on the 

surface of Ge-C layer, with an inset atomic force microscopy (AFM) image showing an 
ensemble of islands on Ge-C surface. 

[0045] FIG. 22 shows Ge-C nanowires grown on a Gei_ x C x epilayer (x ~ 13 at. %) 

on Si(001) substrate grown with CH2(GeH3)2 precursor at 540° C. 

[0046] The following appendices, which are included as part of this application, 

are incorporated by this reference. 
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[0047] Appendix A is an article entitled "Ge-Sn Semiconductors for Band-gap 

and Lattice Engineering" [M. Bauer, J. Taraci, J. Tolle, A. V. G. Chizmcshya, S.Zollncr, D. J. 
Smith, J. Menendez, C. Hu, and J. Kouvetakis, App. Phys. Lett. 81, 2992 (2002)], which 
describes the growth of Gei. x Sn x alloys directly on Si(100) which exhibit high thermal stability, 
superior crystallinity, and crystallographic and optical properties. 

[0048] Appendix B 18 is an article entitled "Tunable Band Structures in Diamond- 

cubic Tin-Germanium Alloys Grown on Silicon Substrates" [M. Bauer, J. Tolle, C. Bungay, 
A.V.G. Chizmeshya. D.J. Smith, Jose Menendez, and J. Kouvetakis], which describes the growth 
of Sn x Gei„ x alloys directly on silicon using methods based on deuterium-stabilized Sn hydrides. 

[0049] Appendix C 22 is an article entitled "Synthesis of Ternary SiGeSn 

Semiconductors on Si(100) via Sn x Gei- x Buffer Layers" [Matthew Bauer, A.V.G. Chizmeshya. 
D.J. Smith, Jose Menendez, and J. Kouvetakis], which describes Sii- x - y Ge x Sn y alloys grown on 
Si(100) facilitated by Gei_ x Sn x buffer layers. 

[0050] Appendix D is an article entitled "New and Practical Procedures for 

Development of Gei. x . y Sn x E y (E=P, As, Sb) and Related Semiconductor Alloys", which 
describes novel methods and compounds for incorporating group V atoms such as P, As and Sb 
into Ge-Sn materials and other group IV semiconductors as well as synthesis of superconductive 
Si-Ge: P, As, Sb. 

DESCRIPTION 

SiGeSn semiconductor epilayers for IR sensors 

CVD growth ofGe,.JSn x (x=2-20%) directly on Si(100) 
[0051] We recently demonstrated the growth of strain- free, device-quality 

15 18 

Sn^Gei-^ films directly on Si substrates using a specially developed CVD method. " The 
standard CVD sources for the growth of Si and Ge are SiH 4 and GeH 4 , respectively. SnH 4 is 
therefore the obvious choice as a Sn source, but this compound is unstable at room temperature 
and therefore unsuitable as a CVD precursor. However, we discovered that SnD 4 combined with 
high-purity H 2 (15-20% by volume) remains stable at 22°C for extended time periods, and we 
use this compound as our CVD Sn source. The growth proceeds at remarkably low 
temperatures, between 250°C and 350°C, which makes it possible to grow thick films (50-500 
nm) with Sn concentrations up to 20%. The material is strain-free, with lattice parameters that 
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are adjustable between 5.772 A and 5.833 A. The lattice mismatch between the Sn^Ge!.* layers 
and the Si substrate is accommodated by the formation of periodic Lomer edge dislocations 
which are parallel to the interface plane and do not degrade the crystallinity and properties of the 
film. Typical cross-sectional transmission electron microscopy (XTEM) and Rutherford 
backscattering (RBS) spectra demonstrating high quality Ge-Sn growth on Si(100) are shown in 
FIGs. 1A-1D. Our method invariably produces films with high uniformity that possess 
remarkably smooth surface morphologies (typical AFM rms values are 0.5 and 1.4 nm) and 
extremely low densities of threading defects, particularly for Sn concentrations between 2% and 
6%. These results are unexpected (the quality of pure Ge films of Si grown by similar methods 
is much worse) and very intriguing, because Sn^Gei.^ alloys have been predicted to become 
directrgap semiconductors for concentrations near x = O.2. 5 ' 6 . 

Optical properties 

[0052] The optical properties of Sn^Gei.* films grown on Si substrates according 

to our invention were studied using spectroscopic ellipsometry. Measurements in the infrared 
were performed using a Fourier-Transform Infrared Spectroscopy (FTTR) ellipsometer available 
from J.A. Woollam, Co. of Lincoln, Nebraska. Measurements in the visible range also have 
been performed. FIG. 2 is a graph of the absorption coefficients of bulk Ge and of a Sno.02Geo.98 
alloy grown on Si. As shown in FIG. 2, the addition of a very small Sn fraction increases by an 
order of magnitude the absorption coefficient at the 1.55 um wavelength. Because this 
wavelength is typically used for fiber optic communications, this demonstrates the potential of 
Sn x Gei_ x alloy for use in high-efficiency infrared detectors. 

[0053] By computing derivatives of the optical constants as a function of the 

photon energy, one can determine the energies of critical points in the electronic structure, in 
particular the direct band gap E 0 which determines the sharp increase in absorption shown in 
FIG. 2. FIG. 3 shows the second derivative of the imaginary part of the dielectric function for 
two samples of SnjcGei.* films according to the invention. The sharp feature shown in FIG. 3 is 
associated with the direct band gap E 0 , which can be determined with a precision of 10 meV. 
The direct gap is E 0 = 0.41 eV for Sno.14Geo.86- Comparing with E 0 = 0.81 eV for Ge, we find a 
dramatic band gap reduction of 50% for only 14% Sn. 
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[0054] FIG. 4 shows ellipsometric results near the E\ and E\+Ai transitions 

between the highest valence bands and the lowest conduction band at the L-point of the fee 
Brillouin zone (see FIG. 5). The shape of the curve is very similar to that obtained for pure Ge, 
confirming the high quality of our films. From these data one can also determine the relevant 
optical transitions with high accuracy. 

[0055] Since our films grow essentially strain-free, there is in principle no upper 

limit to the Sn concentration that can be achieved. Thus, our approach represents the most 
straightforward route to direct- gap Sn^Gei^ alloys and a practical solution to the long-standing 
problem of growing direct-gap semiconductors on Si. The very large lattice mismatch between 
our films and the Si substrate opens up intriguing new opportunities for band gap and strain 
engineering on silicon, as discussed below. 

Mapping of the compositional and temperature dependence of 
the band structure of Sn x Gej. x alloys 

[0056] Our results for the E 0 as well as the E) and E\+A\ transitions show very 

large deviations from a simple linear interpolation of transition energies between Ge and a-Sn. 
Thus the determination of the compositional dependence of the band structure on Sn 
concentration is critical for the design of devices based on Sn^Gei.*. We are conducting 
systematic ellipsometric studies as a function of composition in the IR range using infrared 
ellipsometry. Since the lowest direct band gap of these compounds is small, its temperature 
dependence may be important for device design and will be studied in detail. 

[0057] We have recently obtained additional spectroscopic ellipsometry data in 

the visible spectral range for samples across the compositional range of 2 and 20 % Sn. The 
results indicate the existence of a well-defined band structure similar to Ge, as expected for 
highly crystalline films. We were able to obtain accurate values for the E\, E\+&.\, E 2 and Eq 
critical points, which showed that the corresponding gap values decrease monotonically with 
increasing Sn concentration in the films (FIG. 6). FIGs. 6A-6C show band gap energies vs. Sn 
concentration x for Gei_ x Sn x (x=2-20 %) and depict a systematic reduction of the gap energies 
with increasing Sn content. FIG. 6A shows Ej and Ei+A]. FIG. 6B shows E2. FIG. 6C shows 
the E 0 ' critical points of the band structure. Collectively, the data in FIGs. 2-6 indicate that Sn 
incorporation into Ge lattice sites dramatically increases the sensitivity of this system to infrared 
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radiation. Thus, the new alloys according to our invention are excellent candidates for a new 
generation of IR photodetectors, with the important additional benefit that they can be grown on 
inexpensive Si substrates. 

Strained Ge on Sn x Ge^ x buffer layers 

[0058] FIG. 7 shows a calculation of the direct and indirect edges of Ge strained 

to lattice-match a Sn^Gei.^ buffer layer as a function of the Sn concentration in the Sn^Gei.^ 
buffer layer. The calculation is based on deformation potential theory, and it shows a very 
interesting feature: strained Ge becomes a direct gap material if the Sn concentration in the 
buffer layer exceeds 11%. This was recognized by Soref and Friedman almost 10 years ago, 19 
and they proposed several heterostructures for p-i-n injection lasers. 

[0059] We have recently succeeded in growing nearly defect-free Ge films on 

Sn^Ge^ buffer layers in accordance with the invention. A complete characterization of the 
strain properties indicates that the Ge fdms are tensile strained as expected for a material grown 
on a surface that possesses a larger lattice dimension. In a typical experiment the growth of 
SntGei.* is conducted by reaction of the appropriate combinations of SnD4 and Ge2Hc in an ultra- 
high vacuum (UHV) CVD chamber. The Ge overlayers are deposited at 400-450°C by thermally 
activated dehydrogenation of Ge2H6 on Ge-Sn buffer layers, which have typical thickness of 20- 
200 nm. Cross-sectional electron micrographs show completely epitaxial Ge grown on 
Geo.97Sno.03 FIG. 8 is an XTEM micrograph of the entire Si/Sn-Ge/Ge heterostructure thickness. 
The Ge layer is free of stacking and threading defects. Virtually all of the defects are 
concentrated at the Ge-Sn buffer layer, and the Ge overlayer in the upper portion of the 
heterostructure remains virtually defect-free (see FIG. 8). 

[0060] We plan a systematic investigation of these layers, including x-ray/RBS 

experiments to measure the epitaxial strain and FTIR-ellipsometry measurements to verify the 
predictions in FIG. 7. Both the direct and indirect gaps are expected to be lower than those of 
pure Ge. Furthermore, since the direct gap drops faster than the indirect gap, strained Ge 
materials grown on Ge-Sn buffer layers are expected to be a more sensitive photodetector than 
normal Ge. 
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Doping of Sn x Gei- x alloys and the direct-indirect crossover 
[0061] The decrease of the E 0 energy determined experimentally as a function of 

composition in Sn^Ge].* alloys is much larger than theoretically predicted. 4 ' 5 This suggests that 
the direct-indirect crossover may have occurred in some of our samples, even though their Sn 
concentration is less than 20%. Because ellipsometry is not very sensitive to indirect transitions, 
we have not been able to measure the lowest indirect gap. Photoluminescence measurements are 
not conclusive given the possible proximity of the direct and indirect edges and the likely 
borrowing of intensity due to alloy mixing. We believe that the most conclusive proof of an 
indirect-direct crossover would be a measurement of the effective mass m* of carriers in w-type 
material. The experiment consists in determining the carrier concentration n from Hall 
measurements and simultaneously determining the plasma oscillation frequencies from FTIR- 
ellipsometry measurements. The plasma frequency is given by 20 

[0062] <o)= — , 

m 

where e is the electron charge, so that the effective mass can be calculated if the carrier 
concentration is known. These measurements should be very sensitive to the direct-indirect 
crossover because the effective mass of carriers at the ./""-point of the Brillouin zone should be 
much smaller than the effective mass of carriers located at the Z-point valleys. 

[0063J The need to carry out these experiments and the need for doped layers in 

the proposed Sn^Ge^ devices indicate that finding a way to dope our Sn^Ge^ alloys is 
important. Currently, Si and SiGe are doped with B using diborane, and with As by implantation 
methods, but there are limits to how much dopant can be incorporated into the structure. In the 
case of As we propose to increase the free carrier concentration by building precursors with 
direct Ge-As bonds such as As(GeH 3 ) 3 . We recently synthesized this compound as well as the 
Sb(GeH 3 ) 3 and P(GeH 3 ) 3 analogs by using a new approach that affords high yields which are 
viable for application in semiconductor device development. These compounds have the 
necessary stability and vapor pressure to be used as reactants during growth of Sn^Gei.j. The 
Sb(GeH 3 ) 3 and P(GeH 3 ) 3 analogs are utilized to dope Sn^Gei^ with antimony and phosphorus, 
respectively. We use Secondary Ion Mass Spectrometry depth profile analysis (SIMS) to 
determine the As(Sb,P) elemental distribution and Hall/FTIR ellipsometry measurements to 
determine carrier concentrations and effective masses. Initial deposition studies have shown that 
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As is readily incorporated into the Ge-Sn lattice. The As levels are controlled by the partial 
pressure of the As(GeH 3 ) 3 vapor in the reaction mixture. Low energy SIMS was used to 
examine the elemental profile in the films. FIG. 9 is a low energy SIMS elemental profile of 
Gei- x Sn x (As) y grown by reactions of As(GeH 3 )3 with digermane and SnD 4 showing a highly 
uniform As concentration throughout the sample. The As incorporation is readily increased by 
raising the partial pressure of As(GeH 3 ) 3 in the reaction mixture. Superdoped single-crystalline 
films with As concentration up to 2 at.% have been prepared using this new method. High 
resolution XTEM and RBS data indicated good crystal quality. Since the band gap is vanishing 
in Ge-Sn with increasing Sn concentration, one might be able to dope this material (through 
incorporation of group V (P,As,Sb) atoms into the molecular precursors) so as to increase the 
density of states and produce a true covalent metal or semimetal. Covalent semimetals or metals, 
such as the recently discovered superconducting magnesium diboride, are very rare. The 
potential to open up new classes of similar covalent systems through CVD techniques is of 
interest. The atomic constituents of these Ge-SnAs(Sb) materials might assume alternative 
structural arrangements (exotic polymorphic phases) with novel elastic and electronic properties. 

Ternary SnGeSi alloys 
[0064] There is in principle no reason why our CVD technique cannot be 

extended to the growth of ternary SnGeSi alloys. The expected properties of this system are very 
intriguing, as discussed theoretically by Soref and Perry. 21 Since no experimental data is 
available, these authors computed the properties of SnGeSi alloys using a linear interpolation 
scheme. Following this approach — combined with deformation potential theory — we have 
theoretically analyzed strained Ge layers grown on relaxed SnGeSi alloys. The most remarkable 
finding, which highlights the importance of growing this system, is that the Ge/SnGeSi 
heterostructure is a direct gap Type T system (both electrons and holes confined in the strained 
Ge layers) for appropriately selected Si/Sn ratios. This is illustrated in FIG. 10, which shows the 
conduction band offset for a Ge/SiGeSn heterostructure at constant strain. The lower curve 
shows the Si concentration needed to keep the strain constant as the Sn concentration is 
increased. The first data point corresponds to a Sn concentration for which the band gap of Ge is 
direct (due to strain), with the conduction band minimum at the r point 2>k B T below the 
conduction band minimum at the L point. Then the Si concentration and Sn concentrations are 
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increased in such a way that the strain in the pure Ge layer is the same. We see that for x(Sn) > 
0.23 and v(Si) > 0.15 the system becomes Type I. (The top of the valence band is also in the Ge 
layer). 

[0065] Our synthetic strategy for preparation of Ge-Sn-Si structures is focused on 

reactions of the gaseous compound SiH 3 -GeH 3 with SnD 4 . The former is a simple derivative of 
GeH 3 -GeH 3 in which one of the GeH 3 groups is replaced with the SiH 3 analog thus forming a 
molecular core with direct Si-Ge bonds. A result of these reactions is presented by the RBS 
spectruma in Fig. 11. The spectrum is obtained from a sample with concentration 
Sio nGeo 82Sno.o5 grown on Si(100) via a Geo.95Sno.05 buffer layer at 350°C. Ion beam channeling 
indicates single phase, epitaxial and highly crystalline material. Ongoing experiments have 
resulted in growth of Gei_ x _ y Si x Sn y with a wider range of compositions. It is noteworthy that 
growth of SiGeSn on pure Si surfaces (no Ge-Sn buffer layers) yields SiGeSn quantum dots and 
large scale islands of composition (SiGe)i_ x Sn x rather than layers These results are described 
below in the discussion of nanostructures. 

[0066] We have investigated the optical properties of SnGeSi alloys. In 

particular, the results we have already obtained for Sn^Gei. x alloys suggest that linear 
interpolations may not be justified in this system, so that device applications of SnGeSi alloys 
will require a detailed characterization of its electronic structure. We are conducting systematic 
studies of the electronic structure of these novel alloys using spectroscopic ellipsomctry and 
photoreflectance. 

High efficiency IR detectors based on Ge-Sn/Ge heterostructures 

As discussed above, high-quantum efficiency sensing devices can be designed based on 
simple Sni_ x Ge x /Ge heterostructures grown on Si. In collaboration with Dr. Richard Soref at the 
Air Force Labs, one embodiment of such a device for 1.55 urn detection has been proposed, as 
shown in FIG. 12. A preferred arrangement for such a device involves a Ge(0.98)Sn(0.02)- 
buffered single "optically thick" active layer of compressively strained Ge(0.96)Sn(0.04) upon 
which a tensile cladding of Ge is grown. This is one embodiment of a group of single-layer or 
"few layer" sensors for 1 .55 um that are easy to manufacture using our method. 
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Synthesis of ordered phases with composition Ge 4 . s Sn 
[0067] We have conducted investigations of structure vs. composition in the Ge- 

Sn system to search for novel ordered phases that are likely to have unique and exciting 
properties, such as high electron mobilities and direct band gaps. We have discovered that the 
compositional range Sn 0 .i7-o.2oGe 0 .83-o.80 displays an unusual ordering of the atoms in the 
structure, as shown in FIG. 13. Thin epitaxial films of these materials were grown on Si(100) 
and Si(lll) substrates and characterized by RBS, x-diffraction and high-resolution electron 
microscopy, including extensive Z-contrast and electron energy loss spectroscopy (EELS) 
analyses at 1.7 A resolution. The structural investigations indicate the existence of a 
superstructure that has a periodicity along the <11 1> direction that is three times larger than that 
of the underlying substrate. Ab initio density functional theory simulations were used to 
elucidate the structural and bonding behavior of this material. The experimental and theoretical 
data point to novel phases in which the Ge and Sn atoms are aligned in the sequences of Ge-Ge- 
Sn 0 .5oGe 0 .5o and Ge-Sno.25Geo.75-Sno.25Geo.75 along the diamond <1 1 1> direction. The theoretical 
studies provide structural models that are consistent with the composition as well as the 
spectroscopic, microscopic and diffraction data of this material. FIG. 14 depicts models of the 
layered Ge 5 Sn alloys consistent with the Z-contrast atomic resolution microscopy. 
Orthorhombic cells derived from the zincblende lattice. The long axis of the orthorhombic cells 
is topotactic with the [111] direction in the original zincblende lattice. Individual layers are 
denoted by Li, L 2 and L 3 . The left model, denoted by "0-0-50" represents the extreme, tin-rich 
scenario in which half of the sites within one layer are occupied by tin, while the right model, "0- 
25-25" the tin concentration is distributed among two layers. 

GeSn, Ge, and SiGeSn Nanostructures Grown on Silicon 

[0068] In accordance with another aspect of the invention, we have developed a 

new family of semiconductor quantum dots (QDs) with tunable direct bandgaps in the infrared 
spectral region for Si-based bandgap and lattice engineering applications. This effort is a 
rational outcome of the successful synthesis of epitaxial layers of Gei. x Sn x (x=0. 02-0.20) alloys 
with adjustable direct band gaps between 0.72 eV and 0.41 eV described above. Closely related 
nanoscale architectures with unusual morphologies and nearly perfect crystallinities have been 
created via new methods combing specially designed molecular sources and novel deposition 
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techniques involving in situ observation and control of the growth process by LEEM and UHV- 
SEM-MBE. An important component of the work is the design and selection of precursors that 
incorporate the necessary building blocks to allow precise control of composition and structure at 
the nanoscale. 

Synthesis of Gei-Jin x quantum dots 
[0069] The successful synthesis of Sn-Ge epitaxial films on Si prompted us to 

undertake the growth of related nanostructures such as alloy quantum dots and three-dimensional 
islands to further explore tailoring the optical properties of this novel system. Ge-Sn 
nanostructues with direct tunable bandgaps combined with the underlying Si substrate (which is 
indispensable for viable device development) should have tremendous potential for use in 
infrared laser technologies. 

[0070] A survey of preliminary experiments of quantum dot growth was 

conducted in a molecular beam epitaxy chamber equipped with a low energy electron 
microscope (LEEM), allowing the entire growth process to be observed and controlled in situ 
and in real time. The precursor gases (Ge 2 H 6 and SnD 4 ) were adjusted in the reaction mixture so 
as to incorporate Sn concentration of about 2-3 at. % in the alloy. FIG. 15 shows a sequence of 
LEEM images from an 8-um diameter area of GeSn growth at 400°C. The terraces, which are 
separated by single-height atomic steps, alternate from dark to bright contrast due to the rotation 
of the dimer reconstruction on the terraces, as shown in the first image in FIG. 15. As the GeSn 
film was deposited on the Si(100) substrate, the contrast of each terrace was changing from dark 
to bright or from bright to dark respectively. The contrast alternation indicates that the growth 
mode is layer-by-layer. The LEEM results reveal that at least for the first six monolayers, the 
Gei_ x Sn x deposition takes place by the layer-by-layer growth mode. However, the contrast faded 
away permanently as the coverage exceeded 6 ML indicating transition to a three dimensional 
island like growth mechanism. Continued deposition generated the desired assemblies of 
Gei. x Sn x quantum dots. The average Ge and Sn concentration was determined by RBS to be 
Geo.97Snoo3- Atomic force microscopy (AFM) indicated the presence of three-dimensional 
faceted islands dispersed on the surface of the substrate. XTEM revealed that the material 
consisted of a continuous and completely epitaxial wetting layer, about 0.4 nm thick, followed 
by an array of nanoscale bump-shaped islands randomly distributed on the surface of the 
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underlying layer. The presence of the wetting layer is consistent with the LEEM observations of 
two-dimensional layer-by-layer growth for the first six monolayers. 

[0071] A XTEM micrograph showing representative islands grown on Si(100) is 

presented in FIG. 16. The smaller island shown in FIG. 16A is highly strained and completely 
coherent and defect free despite the large mismatch of the Ge-Sn material with the substrate. 
The larger island of FIG. 16B shows defects such as misfit dislocations and {111} stacking faults 
indicating that this material has exceeded a critical thickness beyond which the enormous strain 
is relieved by development of defects originating at the film/substrate interface. The 
combination of nanostructures and the technologically relevant Ge-Sn system is unique and 
warrants further development. Of immediate interest is to measure the optical properties by IR 
absorption and photoreflectance. Once the bandgap energy is determined, we will investigate the 
luminescence of the quantum dots. A detailed investigation of the crystal growth fundamentals 
is also of interest. One of the objectives is to achieve regular in-plane distribution of 
semiconductor quantum dots that have sufficient size uniformity and spatial distribution. Such 
arrays are desirable for their potentially useful optical and electronic properties. Another 
objective is to determine the optical properties as a function of Sn concentration. An immediate 
goal is to grow quantum dots with concentration of Geo.86Sn 0 .i4, which has been shown to exhibit 
a very small direct bandgap in bulk films. In addition the synthesis of new materials with wider 
concentration range is being pursued. 

Quantum dots with highly controlled concentrations in the Si-Ge-Sn system 
[0072] The successful formation of Gei. x Sn x quantum structures is prompting 

exploratory research aimed at synthesis of ternary Si-Ge-Sn alloy analogs. A reason for interest 
in alloys in the Si-Ge-Sn system is the observation that the lattice parameter of Ge (5.66 A) is 
intermediate between those of Si (5.43 A) and a-Sn (6.49 A). Thus a Ge-Si material containing 
a suitable level of Sn would lattice match Ge, thereby allowing growth of strain free 
heteroepitaxial layers films on Ge buffer layers. Moreover, this ternary system offers the 
potential of bandgap engineering and tuning of the optical properties, as indicated by theoretical 
studies. Our initial deposition studies of Si-Ge-Sn were conducted by UHV-CVD reactions 
using H 3 GeSiH 3 (a unimolecular precursor with direct Si-Ge bonds) as the source of Si and Ge. 
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H 3 SiGeH 3 is a stable and gaseous compound and it is synthesized by using a new and high yield 
method outlined by the equation 

C 4 F 9 S0 3 SiH 3 + KGeH 3 -> H 3 SiGeH 3 + K0 3 SC 4 F 9 

[0073] Prior to growing Si-Ge-Sn on Si(100) via this method we performed 

controlled experiments involving the thermal dehydrogenation of H 3 SiGeH 3 to study the 
deposition characteristics of the compound on Si(100) between 350 °C and 700 °C. XTEM and 
AFM were used to characterize the structure and morphology of the films. The microscopy data 
revealed that all depositions invariably produced assemblies of highly coherent quantum dots on 
the Si surface instead of smooth and continuous films. The shape, distribution and size of the 
dots were closely dependent on the temperature pressure and growth rate of the sample. 

[0074] FIGs. 17A, 17B and 17C show XTEM images of monocrystalline defect 

free dots grown under a wide range of conditions. Spatially resolved electron energy loss 
spectroscopy was used (EELS) was used to examine the elemental content of the dots. An 
extensive survey of samples revealed that the distributions of the constituent elements were 
homogeneous at every nanoscale region probed and that the concentration of all islands was 
extremely close to the stochiometric SiGe value regardless of growth conditions. The 
incorporation of the entire Si-Ge molecular core of H 3 SiGeH 3 in nanoscale islands indicates that 
reactions of the compound with suitable Sn sources such as SnD 4 is likely to yield (SiGe)i_ x Sn x 
dots with highly controlled concentrations at the atomic level. Initial growth experiments using 
this method produced films with average composition ranging from (SiGe)o.9oSno.io to 
(SiGe) 0 .85Sno.i5, indicating that the elemental ratio can be adjusted by building the desired 
stoichiometrics into a unimolecular precursor. XTEM and SEM studies revealed an array of 
crystalline nano-size islands on the Si surface (FIGs. 1 8A-D) instead of continuous layers. The 
Raman shifts and the lattice constants of this material indicate Sn incorporation into SiGe 
tetrahedral sites and high-resolution XTEM images demonstrated nearly perfect heteroepitaxial 
growth, as shown in FIGs. 18A-18D. Nanoprobe EDX elemental profiles show that Si, Sn and 
Ge were present at each nanometer step probed. The analyses revealed no significant variations 
in composition within an island, and only minor discrepancies in Sn content between islands. 
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[0075] The incorporation of Sn in SiGe islands provides yet another alloy system 

to practice bandgap engineering in IR semiconductor nanostructures. Immediate investigations 
are focused on generating uniform distributions of coherent islands with uniform size and spatial 
distribution. An objective is to determine optical and electronic properties as a function of 
composition and size. Future studies will concentrate on the influence of the Sn content on the 
morphology, structure and optical properties of (SiGe)i_ x Sn x nanostructures. Another important 
issue to be resolved is the origin of the unusual crystal growth observed in this system. Similar 
nanoscale features have not yet been observed in systems comprising group IV elements such as 
Ge, Sii. x Ge x and Gei_ x Sn x . The morphological evolution of island formation in the (SiGe)i_ x Sn x 
system will be studied in situ, in real time using the LEEM method and a UHV SEM-MBE built 
by Delong Instruments of the Czech Republic for Arizona State University in Tempe, Arizona 
which is intended to be used for in situ studies of three-dimensional growth. 

(Ge Si4)i-xSn x quantum dots and related systems 
[0076] The incorporation of the entire Si-Ge molecular core of the HsSiGeH3 

compound in (SiGe)i_ x Sn x nanoscale islands indicates that compositional control can be 
achievable at the atomic level in ternary semiconductor nanostructures via deposition of related 
compounds with chemically designed stoichiometrics and atomic arrangements. The compounds 
will have the general formula A(BH 3 ) 4 where {A,B}={Si,Ge,Sn}. FIG. 19 shows a schematic 
representation of the A(BH3)4 cluster. These compounds are designed to introduce into the film 
building blocks such the SnGe 4 and SnSi 4 GeSi 4 and GeSi 4 tetrahedral clusters, thus allowing 
manipulation of the composition and structure at the atomic level. We note that in some cases 
isolated Sn atoms are bonded within a Ge or Si environment thus promoting the highest possible 
Sn substitution into the structure. In addition the use of such precursors will allow us to 
overcome thermodynamic impediments arising from differences in atomic sizes and 
electronegativities of constituent atoms and thereby form new and metastable compositions, 
which cannot be obtained by conventional MBE and CVD routes. Using this approach, we will 
be able to controllably deposit new families of semiconductor nanostructures of definite 
composition in the Si-Ge-Sn system. 

[0077] Initial growth studies are underway to synthesize Si-Ge-Sn alloy dots by 

reactions of SnD 4 with Ge(SiH 3 ) 4 , a stable and volatile compound (vapor pressure 15 Torr at 
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22°C) incorporating the desired GeSi 4 building units. Prior to these studies, we conducted 
controlled deposition involving thermally activated dehydrogenations of the Ge(SiH3)4 between 
450°C and 650°C in order to determine the unimolecular decomposition behavior of this species. 
Thin films were grown and characterized for structure and morphology by XTEM and AFM. 
The data revealed that the depositions produced periodic arrays of large three-dimensional 
islands instead of the anticipated continuous layer morphology. High-resolution XTEM electron 
micrographs (FIGs. 20A-B) show completely epitaxial and nearly defect-free microstructurc 
with fairly uniform size, shape and spatial distribution. The elemental concentration of 
individual islands was determined by spattialy resolved EELS to be Sio.80Geo.20, which matches 
exactly the 4:1 atomic ratio of Si and Ge in the precursor. This result indicates that the entire 
Si4Ge core stoichiometry and possibly tetrahedral structure of the precursor is incorporated into 
the solid state. We will conduct growth of quantum dots by reactions of the compound with 
SnD 4 . These reactions are likely to yield dots with target stoichiometrics of (Si 4 Ge)i- x Sn x 
incorporating highly uniform concentrations at the atomic level. A highly suitable precursor to 
Ge-Sn and Si-Ge-Sn nanostructures is the Sn(GeH3) 4 compound, which consists of a central Sn 
atom surrounded by Ge atoms. It is highly likely that the unimolecular deposition of the 
precursor will produce single-phase alloy nanostructures with concentration Geo.80Sno.20 that 
incorporate the entire Ge 4 Sn molecular stoichiometry. This Geo.osSno.20 composition is desirable 
because it is within the range of Ge-Sn compositions that yield direct bandgaps. 

Wires and islands of Gei_ x C x alloys on a nanometer scale 
[0078] A major reason for interest in alloys of the Ge-C system is the observation 

that the lattice parameter of Si (5.43 A) is intermediate between those of Ge (5.66A) and diamond 
(3. 5 7 A). Thus a Ge material containing a suitable level of C would exactly match the lattice 
parameter of Si, allowing growth of strain-free heteroepitaxial layers. This simple binary alloy 
system offers the potential of bandgap engineering. However, in contrast to the well-known SiC, 
stoichiometric GeC has never been synthesized. The preparation of Gei_ x C x alloys, especially 
those with high C content, thus presents a serious challenge. 

[0079] We have recently discovered that reactions utilizing unimolecular 

precursors of CH x (GeH 3 ) 4 . x where x = 0-3, result in the formation of Ge-C materials which 
display unusual morphologies and microstructure depending on the molecular design of the 
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precursor and the C concentration. For example, reactions of CH 3 GeH3 with GeH4 on Si(OOl) 
substrates resulted in low growth rates but high-quality epitaxial films of Gei_ x C x with C = 2-5 at. 
%. Decomposition reactions of the precursor C(GeH 3 ) 4 at 530°C under CVD conditions 
produced Ge^ x C x films with C content close to 9% grown on Si(OOl) substrates. FIG. 21 is an 
XTEM image of a Geo.91C0.09 island grown on the surface of Ge-C epitaxial layer. The Ge-C 
layer has a thickness of about 20 nm and the Ge-C island has a size of -70 nm. An ensemble of 
such nano-scale islands is shown in the AFM image in the inset of FIG. 21. 

[0080] Our most recent deposition experiments using the precursor CH 2 (GeH3)2 

produce a dense array of nanowires or nanorods as shown in the SEM images in FIGs. 22A and 
22B. These filament-like wires or rods grew from a 40 nm Gei. x C x epitaxial film with x = 13%. 
The orientations of the Ge-C fdaments are random, as shown in FIGs. 22A and 22B. It is our 
objective to fabricate well-oriented filaments or nano-pillars. 

[0081] All the above results are highly reproducible, suggesting the possibility of 

growing novel Gc-C nanostructures, which may be beneficial in the design and fabrication of 
electronic devices. The optical properties of these materials are of tremendous interest and are 
presently being more thoroughly investigated. The possibility exists of discovering direct 
bandgap materials in the Ge-C system. Potential field emission from the nano-pillars will be also 
investigated. 

CONCLUSION 

[0082] The above-described invention possesses numerous advantages as 

described herein and in the referenced appendices. The invention in its broader aspects is not 
limited to the specific details, representative devices, and illustrative examples shown and 
described. Accordingly, departures may be made from such details without departing from the 
spirit or scope of the general inventive concept. 
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WHAT IS CLAIMED IS: 

1. A semiconductor structure comprising: a substrate and a Sn x Gei_ x layer formed 
over the substrate, wherein x has a value from about 0.02 to about 0.30. 

2. The semiconductor structure of claim 1 wherein the Sn x Gei_ x layer is an epitaxial 
layer with a direct band gap between about 0.72eV and about .041 eV. 

3. The semiconductor structure of claim 1 , wherein x has a value near 0.20 and the 
Sn x Gei. x layer is a direct-gap material. 

4. The semiconductor structure of claim 1, wherein the substrate comprises a silicon 
substrate. 

5. The semiconductor structure of claim 3 wherein the substrate comprises Si(100). 

6. The semiconductor structure of claim 3 wherein the substrate comprises Si(l 1 1). 

7. The semiconductor structure of claim 1, wherein the substrate comprises a silicon 
substrate and the Sni. x Gc x layer is formed directly on the substrate. 

8. The semiconductor structure of claim 7 wherein the substrate comprises Si(l 00). 

9. The semiconductor structure of claim 7 wherein the substrate comprises Si(l 1 1). 

10. The semiconductor structure of claim 1 wherein the Sn x Gei_ x layer has a thickness 
from about 50nm to about 500nm. 

11. The semiconductor structure of claim 1 further comprising a strained Ge layer 
formed over the Sn x Gei_ x layer. 

12. The semiconductor structure of claim 1 1 wherein x is greater than about 0.1 1 and 
the strained Ge layer is a direct-gap material. 

13. The semiconductor structure of claim 1 wherein the Sn x Gei- x layer is doped with 
an element selected from the group consisting of P, As and Sb. 
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14. The semiconductor structure of claim 1 further comprising a Ge-Sn-Si layer 
formed over the Sn x Gei- x layer. 

15. A semiconductor structure comprising: a Ge-Sn quantum structure formed over a 
silicon substrate. 

16. The semiconductor structure of claim 15 wherein the Ge-Sn quantum structure 
comprises Gei- x Sn x and x has a value from about 0.02 to about 0.03. 

17. The semiconductor structure of claim 15 wherein the Ge-Sn quantum structure is 
formed over Ge-Sn epitaxial layer formed over the silicon substrate. 

1 8. The semiconductor structure of claim 1 5 wherein the substrate comprises Si(l 00). 

19. A semiconductor structure comprising a Si-Ge-Sn quantum structure formed over 
a silicon substrate. 

20. The semiconductor structure of claim 19 wherein the Si-Ge-Sn quantum structure 
comprises (SiGe)i. x Sn x and x has a value from about 0.02 to about 0.15. 

21 . The semiconductor structure of claim 19 wherein the Si-Ge-Sn quantum structure 
comprises (Si 4 Ge)i_ x Sn x and x has a value from about 0.00 to about 0.99. 

22. The semiconductor structure comprising: a silicon substrate and a Gei- x C x 
epitaxial layer formed over the substrate, wherein x has a value from about 0.02 to about 0.13. 

23. The semiconductor structure of claim 22 further comprising a Ge-C quantum 
structure formed over the epitaxial layer. 

24. The semiconductor structure of claim 22 further comprising Ge-C nanowires 
formed over the subtrate. 

25. A method for depositing an epitaxial Ge-Sn layer on a substrate in a chemical 
vapor deposition reaction chamber, the method comprising introducing into the chamber a 
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gaseous precursor comprising SnD 4 under conditions whereby the epitaxial Ge-Sn layer is 
formed on the substrate. 

26. The method of claim 25 wherein the gaseous precursor comprises SnD 4 and high 
purity H 2 . 

27. The method of claim 25 wherein the gaseous precursor comprises high purity H 2 
of about 15-20% by volume. 

28. The method of claim 25 wherein the gaseous precursor is introduced at a 
temperature in a range of about 250°C to about 350°C. 

29. The method of claim 25 wherein the substrate comprises silicon. 

30. The method of claim 29 wherein the silicon comprises Si(l 00). 

31. The method of claim 25 wherein the Ge-Sn layer comprises Sn^Ge].* and x is in a 
range from about .02 to about .20. 

32. A method for depositing a strained Ge layer on a silicon substrate with a Ge-Sn 
buffer layer in a chemical vapor deposition reaction chamber, the method comprising introducing 
into the chamber a combination comprising S11D4 and Ge 2 H 6 under conditions whereby the Ge- 
Sn layer is formed on the substrate and dehydrogenating Ge 2 H 6 under conditions whereby the Ge 
layer is formed on the Ge-Sn buffer layer. 

33. A method for doping a region of a semiconductor material in a chemical vapor 
deposition reaction chamber, the method comprising introducing into the chamber a gaseous 
precursor having the formula E(GeH 3 ) 3 , wherein E is selected from the group consisting of 
arsenic, antimony and phosphorus. 

34. The method of claim 33 wherein the semiconductor material comprises silicon. 

35. The method of claim 33 wherein the semiconductor material comprises 
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germanium. 

36. The method of claim 33 wherein the semiconductor material comprises SiGeSn. 

37. The method of claim 33 wherein the semiconductor material comprises SnGe. 

38. A method for synthesizing a compound having the formula E(GeH 3 ) 3 wherein E is 
selected from the group consisting of arsenic, antimony and phosphorus, the method comprising 
combining GeH 3 Br with [(CH 3 ) 3 Si] 3 E under conditions whereby E(GcH 3 ) 3 is formed. 

39. A method for synthesizing a compound having the molecular formula H 3 Si-GeH 3j 
the method comprising combining H 3 Si0 3 SCF 3 with KGeH 3 under conditions whereby 
H 3 SiGeH 3 is formed. 

40. A method for incorporating Sn into Ge or GeSi, the method comprising 
comprising mixing H 2 with SnD 4 to stabilize the SnD 4 and using the stabilized SnD 4 as a source 
of Sn atoms. 

PHX/RONEY/l 4 1 5548. 1/1 2504.460 
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We describe a class of Si-based semiconductors in the Ge x -jSn,. system. Deuterium-stabilized Sn 
hydrides provide a low-temperature route to a broad range of highly metastable compositions and 
structures. Perfectly epitaxial diamond-cubic Ge ] -^Sn^ alloys are grown directly on Si (100) and 
exhibit high thermal stability, superior crystallinity, and crystallographic and optical properties, such 
as adjustable band gaps and lattice constants. These properties are completely characterized by 
Rutherford backscattering, low-energy secondary ion mass spectrometry, high-resolution 
transmission electron microscopy, x-ray diffraction (rocking curves), as well as infrared and Raman 
spectroscopies and spectroscopic ellipsometry. Ab initio density functional theory simulations are 
also used to elucidate the structural and spectroscopic behavior. © 2002 American Institute of 
Physics. [DOI: 10.1063/1.1515133] 



Development of Gej-^Sn,. alloys with diamond-cubic 
structures has attracted considerable attention because of pre- 
dictions that Ge-Sn heterostructures might exhibit tunable 
direct bandgaps. 1,2 From a synthesis viewpoint, the major 
problem with Sn incorporation into the Ge lattice is the large 
(17%) lattice mismatch between the elements and the insta- 
bility of the diamond-cubic structure of «-Sn above 13°C. 3 
Accordingly, the thermodynamic solubility of Sn in Ge is 
less than 0.5 at. %, while that of Ge in Sn is zero. 4 Ge^^Sn^ 
alloys are thus unstable and their synthesis requires condi- 
tions that are far from equilibrium. Nevertheless, significant 
efforts have been devoted to growing Ge i-^So,. alloys by 
molecular beam epitaxy (MBE) using nonequilibrium 
conditions. 1,3,5 A major problem encountered with MBE is 
the propensity of Sn to segregate toward the film surface. 3,6 
To counteract this effect, MBE growth of Ge-Sn must be 
conducted at very low temperatures, that is, — 100°C, plac- 
ing a severe limit on the film critical thickness. Under these 
conditions Ge-Sn alloys have been reported to grow as thin 
and highly strained layers. 3 However, only strain-free mate- 
rials are predicted to exhibit direct band gaps. 

Our work in this area has focused on development of 
chemical methods to synthesize device quality Ge , -^Sn^ 
structures on Si with a wide range of single-phase composi- 
tions that may not be accessible by conventional MBE. 7 In 
this letter we describe systematic growth and characteriza- 
tion of unstrained Gei _ I Sn I alloys with concentrations of 
2-17 at. % Sn prepared directly on Si (100) substrates. The 
observed crystal properties are superior to those of pure Ge 
films grown on Si, indicating that Sn incorporation in tetra- 
hedral Ge sites, even at modest concentrations, leads to 
structural and strain behavior compared to Ge, Si-Ge, and 
related systems. The key to the synthesis is the development 
of a low temperature pathway based on reactions of stabi- 
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lized gaseous SnD 4 , the simplest possible and highly practi- 
cal Sn source. 

Depositions were conducted in a UHV-chcmical vapor 
deposition reactor at substrate temperatures between 250 and 
350 °C at 10" 3 Torr. The Si(100) wafers were prepared for 
growth by a modified RCA process followed by hydrogen 
surface passivation. The reaction of SnD 4 with Ge 2 H 6 on Si 
produced epitaxial Ge|_j.Sn x films. Rutherford backscatter- 
ing (RBS) revealed that thick layers (50-500 nm) with Sn 
contents of 13 to 17 at. % were deposited reproducibly be- 
tween 290 and 250 °C, respectively. Depositions at higher 
temperatures between 300 and 350 °C gave Sn contents of 
1 2 to 2 at. %, respectively, indicating an inverse dependence 
of the growth temperature on Sn incorporation. To determine 
the quality of epitaxial growth and evaluate the Sn substitu- 
tionality, RBS random and aligned spectra were recorded. 
Figure 1 shows the spectra for samples containing 2% and 
12% Sn. Both Sn and Ge channel remarkably well despite 
the large difference in lattice constant with the substrate. The 
channeling of Sn provides unequivocal proof that this ele- 
ment must occupy substitutional tetrahedral sites. The extent 
of substitutionality can be assessed by comparing the values 
of ^- min between Ge and Sn in the same sample ( ^ min is the 
ratio of the aligned versus random peak height ). The value of 
Xmm is 4% . f° r Dotn Ge and Sn in the Ge 0 98 Sn 0 02 sample and 
35% in the Ge 0 88 Sn 0 A2 sample indicating that the entire Sn 
content is substitutional. The 4% value approaches the prac- 
tical limit of about 3% for structurally perfect Si, which is 
unusual for a binary crystal grown directly on Si. The 35% 
value is relatively high and is likely due to some mosaic 
spread ui the higher Sn-content crystal due to the increase in 
lattice mismatch. Low-energy secondary ion mass spectrom- 
etry showed background levels of D, H, and C and revealed 
highly uniform Sn and Ge elemental profiles throughout the 
film. Homogeneity at the nanometer scale was confirmed us- 
ing energy dispersive x-ray nanoanalysis in a high-resolution 
electron microscope with probe size less than 1 nm. Compo- 
sitional profiles showed homogeneous Ge and Sn distribution 

32 © 2002 American Institute of Physics 
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FIG. 1. (a) RBS aligned (dotted line) and random (solid line) spectra of 
Ge 09g Sn 00 2 with near perfect cryslallinily. Channeling of Sn and Ge ap- 
proaches die theoretical limit of pure Si. (b) Aligned and random spectra for 
Geo.88Sn 0 .i2 show the same A'min f° r Dotn G e and Sn indicating that the entire 
Sn content is substitutional. 




FIG. 2. Cross-sectional electron micrographs of Ge 0 94 Sn 005 . Top panel 
shows atomically flat film surface morphology, middle panel shows the ex- 
ceptional uniformity of the film thickness. Bottom panel is a high-resolution 
electron micrograph of the interface region showing virtually perfect epitax- 
ial growth. Arrows indicate the location of misfit dislocations. 



with no evidence of phase separation or Sn precipitation. 

The structural properties of the films were investigated 
by cross-sectional electron microscopy (XTEM) and high 
resolution x-ray diffraction. The XTEM studies revealed 
thick single-crystal layers with remarkably low concentra- 
tions of threading defects. Electron micrographs demonstrat- 
ing high quality heteroepitaxial growth of Ge 0 94 Sn 006 are 
shown in Fig. 2. Typical images in the (110) projection show 
occasional threading dislocations and {111} stacking faults 
sometimes extending through to the uppermost surface. The 
estimated density of these defects is ~ 10 7 /cm 2 , a value well 
within the levels considered acceptable for device applica- 
tion. The predominant defects accommodating the large mis- 
fit are Lomer edge dislocations at the interface which are 
parallel to the interface plane and should not degrade elec- 
trical properties and device performance. Finally, the film 
surface is virtually flat at the atomic level. The typical rms 
roughness of 0.5 to 1.4 nm, as observed by atomic force 
microscopy, is comparable to atomic step heights on Si sur- 
faces. 

X-ray measurements in the 0-2 6 mode showed a strong 
peak corresponding to the (004) reflection. In-plane rocking 
scans of the (004) reflection have a full width at half maxi- 
mum between 0.25 and 0.50 degrees, indicating a tightly 
aligned spread of the crystal mosaics. The unit cell param- 
eters obtained from the (004) reflection for samples contain- 
ing 2, 3, 4, 9, 11, and 15 at.% Sn (as measured by RBS) 
Downloaded 08 Oct 2002 to 129.219.51.92. Redistribution subject 



were 5.6720, 5.6936, 5.7111, 5.7396, 5.7611, and 5.802 A 
respectively. These values are intermediate to those of Ge 
(5.658 A) and a-Sn (6.493 A), and they increase monotoni- 
cally with increasing Sn concentration. Virtually identical 
values were obtained from the selected area electron diffrac- 
tion patterns. Digital diffractogram analysis of TEM micro- 
graphs confirmed the measured values of the unit cell con- 
stants and also showed that the lattice parameter did not vary 
locally throughout the sample. 

The Sn concentration as measured by RBS, the corre- 
sponding cell parameter estimated from Vegard's law, 
a(Vegard), and the experimental unit cell parameters a are 
listed in Table I. Also included are the results of theoretical 
calculations, based on ab initio density functional theory, for 
the lattice constants as a function of Sn. There is close agree- 
ment between theory and experiment. A striking feature is 
that a positive deviation from Vegard's law is found for both 
the experimental and theoretical values, which is in direct 
contrast with the compositional variation of the lattice con- 
stant in the classic Si i -^Ge^. and Sij -^C^ group IV alloys. In 
these systems the deviations from Vegard's law are usually 
negative. 8-9 

In order to further characterize the local bonding envi- 
ronment in the Ge-Sn lattice, the Raman spectrum of each 
sample was acquired. The materials showed a strong peak 
corresponding to Ge-Ge phonon mode, which is down- 
shifted substantially with respect to pure Ge. The vibrational 
to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp 
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TABLE I. Observed and calculated lattice parameters. The observed lattice 
parameter composition dependence in the range 0%— 15% Sn content is 
compared with Vegard's law. The calculated values are obtained from a 
first-principles local density approximation static lattice calculation. The 
"relaxed" results correspond to fully optimized structures. 
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frequencies decrease monotonically with increasing Sn con- 
centration due to the combined effects of mass substitution 
and elongation of the average Ge-Ge bond distances. The 
compositional dependence of the Ge-Ge frequency shift can 
be fitted with an expression of the form Agj(jc) = — 72x (in 
cm" 1 ) where x is the Sn concentration. This dependence 
agrees well with an extrapolation of similar results for strain- 
free S^-jGe^ and Si^^C^ alloys based on a simple model 
for the compositional dependence of Raman modes in alloy 
semiconductors. 10 

The Ge-Sn samples were annealed between 400 and 
750 °C to determine their thermal stability. The x-ray lattice 
parameter and the Xmm values of the RBS signals were mea- 
sured and compared with the pre-annealed values, and 
XTEM and nanoprobe energy dispersive x-ray analysis were 
used to determine phase separation and any elemental inho- 
mogeneity. Samples with composition Ge 09sSno.02 were re- 
markably stable up to at least 750 °C and showed an im- 
provement in crystallinity with increasing temperature. The 
Ge 095 Sn u05 composition remained robust up to 600 "C, but 
displayed substantial Sn precipitation between 600-700 °C. 
In the case of the Ge 0 88 Sn 0 , 2 and Geg.g5Snn.15 compositions, 
the corresponding thermal stability range was reduced to be- 
low — 500 and —450 °C, respectively. 

The band structure of the Ge-Sn materials was investi- 
gated by resonant Raman scattering and spectroscopic 
ellipsometry. " The Raman cross section in pure Ge under- 
goes a resonant enhancement for laser photon energies near 
the E\ and is, + A] gaps. 12 We performed similar measure- 
ments for a Geo.9sSno.05 alloy and a Ge reference. The net 
result was a redshift of E\ and + by about 100 meV 
relative to pure Ge. Ellipsometric data were acquired in the 1 
to 6 eV photon-energy range for samples containing between 
5% to 15% Sn. The imaginary part e, of the pseudodielectric 
function shows peaks between 1 .5 and 2.5 eV corresponding 
to £] and £j + A ] , a shoulder at 3.5 eV assigned to the E Q 
transition, and a feature at 4.2 eV corresponding to the E 2 
gap. These peaks indicate a well-defined band structure as 
expected for a crystalline film with long-range ordering. We 
were able to obtain an accurate determination of the E 2 criti- 
cal point, which showed that the gap values varied mono- 
tonically from 4.32 to 4.27 eV compared to 4.37 eV in pure 
Ge and 3.63 eV in pure Sn. The band gaps obtained from 
ellipsometry and from the maxima of the Raman excitation 

profiles are compared in Fig. 3 with a linear interpolation of 
Downloaded 08 Oct 2002 to 129.219.51.92. Redistribution subject 
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FIG. 3. Resonant Raman scattering and spectroscopic ellipsometry data for 
the Et (hollow symbols) and E 2 (filled symbols) transitions in Gei-^Snj , 
indicating gap narrowing with increasing Sn concentration. The bottom two 
traces are the fundamental direct (£„) and indirect (£ ind ) gaps. The solid 
lines represent a linear interpolation between the known band structure of 
pure Ge and pure a-Sn (fundamental direct gap shown as a dashed line). 

the E 2 , £] and £] + A, transition energies between known 
values for Ge and <*-Sn. B The figure also shows a linear 
interpolation for the indirect (E lnd ) and direct (is 0 ) edges, 
demonstrating a transition near i = 0.15. This estimate agrees 
well with more sophisticated calculations of the band struc- 
ture of these alloys. 2 Collectively, the data indicate that we 
have synthesized alloys with compositions in the range, 
which should exhibit a transition from indirect to direct band 
gap behavior. 

To verify this experimentally we have performed 1R 
transmission measurements for several samples in the range 
of 2000 and 10 500 cm" 1 . While the exact location of the 
absorption edges has not yet been determined, our results 
clearly show that between 4000 and 8000 cm ~ 1 the absorp- 
tion coefficient increases monotonically by a substantial 
amount with increasing Sn content. The most plausible ex- 
planation is a decrease of the band gap as a function of 
composition, since such a reduction is likely to result in in- 
creased absorption at a fixed photon energy above the band- 
gap- 
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1-0471). 
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Novel chemical methods based on deuterium-stabilized Sn hydrides and ultra-high- 
vacuum chemical vapor deposition were used to grow Sn x Gei. x alloys directly on silicon. 
Device-quality, strain free films with a Sn-fraction as high as x = 0.2 were obtained. The 
optical properties provide evidence for a well-defined Ge-like band structure. In 
particular, the direct band gap E 0 is reduced to a value as low as 0.41 eV for Sn 0 .i4Ge 0 .86- 
The growth of these high-optical quality infrared materials creates entirely new 
opportunities for band gap engineering on Si. 
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The physical properties of most semiconductor alloys are smooth functions of their 
composition, providing a very versatile tool for device engineering. Alloys of elemental 
semiconductors such as Si and Ge, and alloys of III-V compounds such GaAs, AlAs, 
InAs, and InP, play a key role in high-speed microelectronics 1 and in optoelectronics. 2 In 
particular, the group-IV Ge^Sii-* system is a nearly ideal semiconductor alloy, with a 
lattice constant and interband optical transition energies that are essentially linear 
functions of x. 3 An even more intriguing group-IV alloy is the Su^Gei.* system. Group-IV 
semiconductors are notorious for not displaying a direct band gap, which precludes their 
use as active layers in light-emitting diodes and lasers. The band gap of the Sn x Gei. x 
alloy, however, is expected to undergo an indirect-to-direct transition, since the direct 
band gap has a value of 0.8 1 eV in Ge and becomes negative (-0.4 eV) in gray (a-) Sn. 4 
A linear interpolation between Ge and a-Sn places the crossover at x = 0.2, and this 
simple estimate agrees remarkably well with detailed electronic structure calculations 
within the virtual crystal approximation. 5 6 

Unfortunately, the growth of Sn^Gei^ alloys has been hampered by the enormous lattice 
mismatch (15%) between Ge and o>Sn and the instability of the cubic a-Sn structure 
above 1 3°C. As a result the system is highly metastable and cannot be produced in bulk 
form. However, the reported stabilization of a-Sn in films grown by molecular beam 
epitaxy (MBE)on InSb and CdTe substrates 7 encouraged several groups to attempt the 
growth of SntGei.jt using the same procedure. Significant progress has been made, 8 9 but 
the large compositional dependence of the lattice constant limits this approach to a 
narrow range of compositions near the Sn-rich end. For the technologically more 
interesting Ge-rich Sn x Gei_ x alloys, pure Gc is an obvious choice as a substrate, and in 
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fact fully strained Sn„Ge m superlattices' 0 as well as random Sn r Gei. x alloys" on Ge have 
been demonstrated. Unfortunately, a major disadvantage of Ge substrates is that 
tetragonally distorted Sn^Ge^ films on Ge are not expected to display an indirect-to 
direct transition. Strain-free Ge-rich Sn^Ge^ films have been grown by Pukite, Harwit, 
and Iyer 12 and by He and Atwater 13 on Si substrates using Ge buffer layers. The optical 
properties of these films, however, differ very markedly 13 from those observed in 
conventional semiconductor alloys: individual interband transitions are not observed, and 
the position of the band edges is obtained from fits that must incorporate transitions not 
found in pure Ge. 

The unusual optical properties of relaxed Sn x Gei. x alloys 13 suggest that it may not be 
possible to describe the Sn^Ge^ system in terms of an effective band structure, as is 
usually done with well-behaved semiconductor alloys. An anomalous dependence of the 
physical properties on composition has in fact been predicted for alloys of very different 
materials, such as GaAsN, and given the large mismatch between Ge and Sn, similar 
findings would not be entirely surprising for Sn^Ge^ alloys. If this were the case, the 
possible applications of Sn^Gei^ alloys would be severely limited. In this letter, however, 
we report on the optical properties of strain-free Sn^Ge].* films grown directly on Si by a 
novel CVD method. Unlike previous results, our films show clear evidence for a well- 
defined Ge-like band structure, demonstrating that Sn^Ge].* alloys are viable candidates 
for a variety of novel devices based solely on group-IV materials. 

The CVD sources that are normally used in the synthesis of Si-based semiconductors are 
SiH4 and GeEU. The analogous SnFL* molecule is unstable near room temperature due to 
the low Sn-H bond energy, and is thus unsuitable for deposition applications. Since the 



substitution of deuterium for hydrogen should increase the kinetic stability of the 
molecules, we have recently experimented with (Ph)SnD 3 and SnD 4 as possible sources 
for the growth of Sn-based semiconductors. 15 In the case of pure SnD 4 , the enhanced 
stability provided by D is insufficient at 22°C, but we discovered that the combination of 
SnD 4 with high-purity H 2 (15-20% by volume) remains remarkably stable at 22°C for 
extended time periods. This formulation represents the simplest possible source of Sn 
atoms for the growth of novel Sn-Ge systems. 

Depositions were conducted in a custom-built ultra-high-vacuum CVD reactor on Si(OOl) 
wafers. Growth temperatures between 250 °C and 350 °C produced thick films (50-500 
nm) with Sn concentrations up to 19%, as measured by Rutherford backscattering (RBS). 
Figure 1(a) and 1(b) shows a comparison between random and aligned RBS spectra for a 
Sno.02Geo.98 sample and a Sno.14Geo.86 sample. The ratio Xmin between the aligned and 
random peak heights measures the degree of channeling of the incoming He ions. Its 
value is 4% in the x = 0.02 sample and about 50% in the x = 0.14 sample for both Ge and 
Sn. This provides unequivocal proof that Sn occupies substitutional sites in the average 
diamond structure. To the best of our knowledge, no such quantitative proof of perfect 
substitutionality has ever been presented for Sn^Gei^ alloys. The x,min = 4% value closely 
approaches the practical limit of about 3% for structurally perfect Si, which is 
unprecedented for a binary crystal grown directly on Si. The structural properties of the 
films were further investigated by high-resolution cross-sectional electron microscopy 
(XTEM). Electron micrographs demonstrating nearly defect-free growth of Sno.02Geo.98 
are shown in Fig. 1(c), 1(d), and 1(e). The images show that the predominant defects 
accommodating the large misfit between the alloys and the Si substrate are Lomer edge 



dislocations at the interface (Fig lc). These are parallel to the interface plane and do not 
degrade the film quality. A typical image of the entire film thickness in (110) projection 
(Fig. 1 d) shows the presence of occasional threading dislocations and {111} stacking 
faults, sometimes extending through the uppermost surface. The density of these defects 
is on the order of 10 7 /cm 2 , a value well within the levels considered acceptable for device 
applications. The surfaces are very smooth, continuous, and atomically flat. The typical 
root-mean-square surface roughness measured by atomic force microscopy is between 
0.5 nm and 1 .4 nm, which is comparable to atomic step heights on Si surfaces. Electron 
and X-ray diffraction experiments show a monotonically increasing average lattice 
constant as a function of the Sn-conccntration, with no evidence for a significant 
tetragonal distortion. The unit cell parameter obtained from the diffraction data for 
samples containing 2, 3, 5, 8, 1 1, 15, 18, and 19 at. % Sn (as measured by RBS) were 
5.672 A, 5.694 A, 5.71 1 A, 5.748 A, 5.761 A, 5.802 A, 5.831 A, and 5.833 A, 
respectively. 

The optical properties of our films were investigated with spectroscopic ellipsometry, 
which yields the complex pseudo-dielectric function (f, + is 2 ) and the film thickness. 
Ellipsometric measurements are particularly challenging in Sn x Gei_ x alloys due to the 
expected existence of optical transitions from the mid-infrared to the ultraviolet. We used 
a combination of two instruments. A VASE® (variable angle spectroscopic ellipsometer, 
J.A. Woollam and Co.) covered the 0.5 eV - 4.1 eV range. This instrument is equipped 
with a Xenon lamp, a double monochromator, and an extended infrared InGaAs detector. 
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An IR-VASE ( J.A. Woollam and Co.) ellipsometer was used to cover the 0.03 eV - 
0.83 eV range. This ellipsometer is based on a Fourier-transform spectrometer. The 
optical constants for our films were obtained by modeling our samples as three-layer 
systems comprising a surface layer, the S^Gei.* film, and the Si substrate. Numerical 
derivatives of the dielectric function were computed and compared with analytical 
models of the dielectric function near critical points in the electronic joint-density of 
states. 

We focus here on the critical points associated with the Eo transition and Ei/Ei+Ai 
transitions, which are schematically indicated in Fig. 2. We show results for two samples: 
a Sn 0 .o2Ge 0 .98 film and a Sno.14Geo.86 fihn. Their thicknesses were found to be 407 nm and 
63 nm, respectively. Figure 3 shows the lowest-energy sharp features in the numerical 
second derivative of s 2 for the two samples. We assign these features to the Eo transition, 
which corresponds to the material's direct band gap. Its value in Ge is 0.81 eV, is slightly 
above the energy of the lowest indirect gap at 0.66 eV. 16 The critical point associated 
with E 0 is a three-dimensional minimum M 0 , so that the data in Fig. 3 are modeled with 

an expression of the form s = A(E -E 0 + ir^'V* plus a quadratic background. 17 The 
amplitude A, the transition energy Eo, and the broadening F are taken as adjustable 
parameters. For a pure three-dimensional minimum, the phase angle § equals tc/2. Here 
we take § as a fourth adjustable parameter. This allows us to model possible excitonic 
effects as an admixture of M 0 and M\ critical points, following a well-established 
procedure. 17 The fits are performed simultaneously to the real (not shown) and imaginary 
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parts of d 2 s/dE 2 . Our results for 82 are shown as dashed lines in Fig. 3. We obtain Eo — 
0.740 ± 0.001 eV and T = 0.056 eV for x = 0.02 and E 0 = 0.409 ± 0.001 eV and T = 0.086 
eV for x = 0.14. The phase angle is in both cases near 2.4, revealing strong excitonic 
effects. In fact, an even better fit of the data can be obtained with a simple Lorenz 
oscillator model. The Eo energies obtained from such a fit are virtually unchanged: 0.754 
eV for jc = 0.02 and 0.444 eV for x = 0.14. The absorption coefficients at the fitted Eo 
values are 3680 cm" 1 for x = 0.02 and 2560 cm" 1 for x = 0.14. These are comparable to the 

1 R 

values of the absorption coefficient of pure Ge at its direct band edge, confirming the 
correctness of our assignments. 

Figure 4 shows numerical second derivatives of the dielectric function at energies around 
2 eV. For the x = 0.02 sample the structures observed are assigned to the E\ and E\+A\ 
transitions. The line shape of the curve is remarkably similar to ellipsometric 
measurements on pure Ge, 19 providing a dramatic confirmation that the optical properties 
of our alloys can be understood in terms of a Ge-like band structure. As in the case of 
pure germanium, 18 the critical points associated with the E\ and £i+Ai transitions are 
modeled as a combination of a two-dimensional minimum with a two-dimensional saddle 
point: 8 = C - A In {E r E-\T) e'*. For the x = 0.02 sample our fit expression includes two 
such terms, one with E, = E { and one with E, = E\ +Aj . We obtain E\ = 2.066 + 0.003 eV 
with T £1 =0.135 eV, and E x +A, = 2.310 + 0.003 eV with r £1+A1 = 0.082 eV. The E x 
transition is considerably broadened for the x = 0.14 sample, and the E\ /£i+Ai doublet 
cannot be resolved. Hence we include a single critical point, which we continue to refer 



to as the E\ transition, although it may contain a mixed E\IE\ +Ai character due to alloy 
mixing. We obtain E\ = 1.777 ± 0.007 eV with Y EX = 0.351 eV. 

While the optical data confirm the validity of the effective band structure concept for our 
Sn^Gei.^ alloys, the large mismatch between Ge and Sn manifests itself in a highly non- 
linear compositional dependence of the optical properties. This is shown in Figure 5, 
where the observed energies of the measured interband transitions are compared with 
theoretical predictions within the virtual crystal approximation. For the E 0 transition we 
observe a large deviation from a linear interpolation between Ge and a-Sn. This is in 
sharp contrast with similar measurements in Ge^Sij^ alloys, 20 for which the E 0 transition 
energy is a linear function of x. Similarly, the spin orbit splitting A] shows a large 
deviation from linearity: if its compositional dependence is fit with a quadratic 
polynomial of the form A^x) = (1 - x)4 (Ge) + x/J,(Sn)+ bx(l - x), the resulting 
"bowing" parameter is b = 2.2 eV, almost fifteen times larger than the equivalent bowing 
parameter in Ge^Sii-* alloys. 21 The rapid decrease of the Eo value as a function of the Sn 
concentration raises the intriguing question as to whether Sn^Ge^ alloys might become 
direct gap semiconductors at concentrations much smaller than x — 0.2. Unfortunately, 
the relative lineup of the indirect and direct gaps in our samples cannot be easily 
extracted from the ellipsometric data, which are rather insensitive to indirect transitions. 
Photoluminescence measurements would not be conclusive due to the possible proximity 
of the two transitions and the mutual borrowing of intensity associated with alloy mixing. 
The most sensitive proof of a direct to indirect cross-over would probably be a 
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measurement of the effective mass of carriers in w-type alloys, but these experiments will 
have to await the development of suitable doping techniques. 

In conclusion, we have demonstrated sharp band structure features in the optical 
properties of Sn,Gei- x alloys grown directly on Si with a novel CVD method. These alloys 
should be highly valuable for applications that rely on extending the optical response of 
Ge towards the infrared. 22 Moreover, since our films grow essentially strain-free, there is 
in principle no upper limit to the Sn concentration that can be achieved. Thus our 
approach may represent the most practical solution to the long-standing problem of 
growing direct-gap semiconductors on Si. In addition, the very large lattice mismatch 
between our films and the Si substrate opens up intriguing new opportunities for band 
gap and strain engineering on silicon. 

This work was partially funded by the US National Science Foundation under Grants 
DMR-0221993 and the US-Army Research Office (DA AD1 9-00-0471). 
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FIGURE CAPTIONS 



Figure 1 Structural characterization of Sn^Gei^ films on Si. (a) RBS aligned 
(dotted trace) and random spectra of Sno.14Geo.86 showing the same Xmin for both Ge 
and Sn, indicating that the entire Sn content is substitutional; (b) RBS aligned 
(dotted trace) and random spectra of Sno.02Geo.9s with near perfect crystallinity. 
Channeling of Sn and Ge approaches the values found in pure Si; (c) high-resolution 
electron micrograph of the film/substrate interface region showing virtually perfect 
epitaxial growth. Arrows indicate the location of misfit dislocations; (d) cross section 
electron micrograph of Geo.02Sno.98 showing atomically flat film surface morphology; 
(e) Selected-area electron diffraction pattern from Sn 0 .o2Ge 0 .98/Si(001) interface 
region confirming high quality epitaxial growth. 

Figure 2 Schematic illustration of a Ge-like band structure in the vicinity of the 
fundamental gap. The diagram shows the optical transitions measured by 
ellipsometry and the indirect band gap. 

Figure 3 Numerical second derivative of the imaginary part of the dielectric 
function near the Eo transition for two Sn^Gei. x films. The dashed lines shows 
theoretical fits, as discussed in the main text. 
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Figure 4 Numerical second derivative of the imaginary part of the dielectric 
function near the EJE\+^i transitions for two Su^Gei.* films. The dashed lines show 
theoretical fits, as discussed in the main text. 

Figure 5 Compositional dependence of direct and indirect optical transitions in 
Sn x Ge!. x alloys. The solid lines are linear interpolations between the experimental 
one-electron band energies in pure Ge and a-Sn. The dashed lines correspond to a 
tight-binding calculation from Ref. 5. The dashed-dotted lines were computed using 
a non-relativistic pseudopotential method (Ref. 6). A linear correction has been 
applied to Refs. 5 and 6 to match the experimentally known room-temperature 
values in Ge and a-Sn. (a) Lowest direct gap E 0 and indirect band gap E ind . Solid 
squares are experimental values for the direct gap. The value for x = 0 corresponds 
to pure Gc and has been taken from the literature (Ref. 3); (b) Ei transition. Circles 
are experimental values. The value for x = 0 corresponds to pure Ge and has been 
taken from the literature (Ref. 19). 
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Synthesis of Ternary SiGcSn Semiconductors on Si(100) via Sn^Gei^ Buffer Layers 

Matthew Bauer a) , Cole Ritter a) , P. A. Crozier b) , Jie Ren c> , J. Menendez c) , G. Wolf a) 
f, and J. Kouvetakis a) 

Arizona State University, Tempe, AZ 85287 
Abstract 

Single-phase Sii- x - y Ge x Sn y alloys with random diamond cubic structures are created on Si 
(100) via ultrahigh vacuum chemical vapor deposition reactions of SnD 4 with SiH 3 GeH 3 
at 350 °C. Commensurate heteroepitaxy is facilitated by Gej- x Sn x buffer layers, which 
act as templates that can conform structurally and readily absorb the differential strain 
imposed by the more rigid Si and Si-Ge-Sn materials. The crystal structure, elemental 
distribution and morphological properties of the Sii- x . y Ge x Sn y /Gei. x Sn x heterostructures 
are characterized by high-resolution electron microscopy, including electron energy loss 
nanospectroscopy, x-ray diffraction (rocking curves) and atomic force microscopy. 
These techniques demonstrate growth of perfectly epitaxial, uniform and highly aligned 
layers with atomically smooth surfaces and monocrystalline structures that have lattice 
constants close to that of Ge. Rutherford backscattering ion channeling shows that the 
constituent elements occupy random substitutional sites in the same average diamond 
cubic lattice and the Raman shifts are consistent with the lattice expansion produced by 
the Sn incorporation into SiGe tetrahedral sites. 

a) Department of Chemistry and Biochemistry 

b) Center for Solid Sate Science 

c) Department of Physics and Astronomy 
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Introduction 

Metastable Gei- x Sn x alloys analogous to the well-known Si]. x Ge x system have 
attracted considerable attention because of predictions that these materials might possess 
technologically important electronic properties such as superior electron mobilities and 
tunable band gaps in the mid infrared. 1,2 More importantly, the band gap is expected to 
undergo an indirect-to-direct transition at compositions near x = 0.20. Accordingly, 
considerable efforts have been devoted to growing Ge-rich Gei. x Sn x alloys on Ge 
substrates and buffer layers via MBE methods. 3 " 5 Recently, we demonstrated, for the first 
time, the growth of strain-free, device-quality Gei. x Sn x films directly on Si substrates 
using a specially developed ultrahigh vacuum chemical vapor deposition (UHV-CVD) 
method. 6 The growth proceeds at extremely low temperatures, between 250°C and 
350°C, which makes it possible to grow thick films (50-500 nm) with extremely low 
defect densities and Sn concentrations up to 20%. The films are of such high quality that 
individual optical transitions can be readily identified and compared with those of pure 
Ge. 7 In particular, we find a dramatic reduction of the direct band gap E 0 , which shrinks 
from 0.805 eV in pure Ge to 0.41 eV in Sno.14Geo.86 indicating that these materials might 
be suitable candidates for a variety of infrared devices, including highly efficiency 
photodetectors and sensors. 

The successful formation of Gei_ x Sn x films has prompted us to undertake 
exploratory research aimed at synthesis of the virtually unexplored Si-Ge-Sn ternary 
analog. Since the lattice parameter of Ge (5.657 A) is intermediate between those of Si 
(5.43 A) and oc-Sn (6.49 A), Si i- x - y Ge x Sn y materials containing a suitable level of Sn 
could lattice match Ge, thereby allowing epitaxial growth of Ge/Sn x Gei_ x heterostructures 
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and related photonic devices based solely on group IV materials. Moreover, this ternary 
system offers the potential of band gap engineering and tuning of the optical properties, 
as indicated by theoretical studies conducted by Soref and Perry. 9 We have recently 
computed the properties of strained Ge layers grown on relaxed Sii- x .yGe x Sny layers and 
we find that for appropriately selected Si/Sn ratios the heterostructure is a direct gap Type 
I system with both electrons and holes confined in the pure Ge layers. This remarkable 
prediction warrants an intensive program to develop Si-Ge-Sn alloys. 

Our synthetic strategy for preparation of Si-Ge-Sn structures is focused on UHV- 
CVD reactions of the gaseous compound SiH 3 GeH 3 with SnD 4 . The former is a simple 
derivative of GeH 3 GeH 3 in which one of the GeH 3 groups is replaced with SiH 3 thus 
forming a molecular core with direct Si-Ge bonds. H 3 SiGeH 3 is a stable, gaseous 
compound and it is synthesized by using a new and high yield method outlined below. 

CF 3 S0 3 SiH 3 + KGeH 3 -> H 3 SiGeH 3 + K0 3 SCF 3 
Prior to growing Si-Ge-Sn we performed controlled experiments involving the thermal 
dehydrogenation of H 3 SiGeH 3 to study the deposition characteristics of this compound on 
Si(100) and thereby determine optimum conditions for growth of the target Si-Ge-Sn 
concentrations. We found that complete decomposition of H 3 SiGeH 3 occurs readily at 
450-700 °C to yield coherent SiGe quantum dots. Only partial decomposition takes place 
between 450 °C and 375°C to form amorphous hydrogenated films and no significant 
decomposition was obtained at 350 °C indicating that this temperature might be a 
reasonable starting point to initiate reactions of SiH 3 GeH 3 and SnD4 and produce Si-Ge- 
Sn films. Our previous studies have also indicated that 350 °C is also the optimum 
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temperature for incorporation of 2-6 at % Sn into tetrahedral Ge lattice sites without any 
phase segregation and Sn precipitation. 

The growth of Sii- x . y Ge x Sn y was initially investigated directly on Si (100). The 
reactions of H 3 SiGeH 3 and SnD 4 at 350 °C produced layers (70-100 nm thick) of 
hydrogenated Sii_ x _ y Ge x Sn y films, indicating that the presence of Sn increases the 
reactivity of the precursor and facilitates film growth via facile elimination of H 2 from the 
Si-H and Ge-H bonds. Since the fdms grown in this fashion were amorphous, we 
explored next the use of buffer layers of Gei. x Sn x (x=3-4 at. %) to induce crystallization 
and epitaxial fdm formation. We chose Gei. x Sn x alloys because they posses 
crystallographic, morphological and mechanical properties that make them uniquely 
suitable for use as templates on Si substrates. These materials grow as highly uniform, 
strain-free layers with smooth and continuous surface morphologies (typical AFM rms 
values are 0.5 and 1.4 nm) and display extremely low concentrations of threading defects, 
particularly those that extend to the uppermost surface (the quality of pure Ge films 
grown on Si by similar methods is much worse). in addition, they are high 
compressibility (softer) solids compared to either Si and Sij. x . y Ge x Sn y and thereby can act 
as potential spacers that can conform structurally and readily absorb the differential strain 
imposed by the more rigid Si and Si-Gc-Sn. 

The Gei_ x Sn x buffer layers were grown on Si(100) via reactions of Ge 2 H 6 and SnD 4 at 
350 °C. The growth of the Sii_ x Ge x Sn y films was conducted immediately thereafter, in 
situ, via reactions of appropriate concentrations of SnD4 and thSiGeHs. Rutherford 
backscattering (RBS) in random mode was used to determine the bulk composition of the 
Gei- x Sn x /Sii_ x - y Ge x Sn y heterostructures and to estimate the film thickness. RBS 



channeling was used to determine the quality of the epitaxial growth and the degree of 
substitutionality of the elements in the structure. The RBS analyses showed that films 
with compositions ranging from Sio.14Geo.84Sno.02 to Sio.14Geo.80Sno.06 were grown on Gei. 
x Sn x . The Sn content in the film was readily increased from 2 to 6 at. % in a controlled 
fashion by adjusting the partial pressure of gaseous SnD 4 in the reaction mixture. The Si 
incorporation remained constant, about 14 at. %, for all depositions conducted at 350 °C 
and was independent of the Sn concentration in the film. The RBS aligned spectra 
showed that Si, Ge and Sn channeled remarkably well despite the low temperature 
growth. The ratio between the aligned and random peak heights, which measures the 
degree of channeling of the incoming He ions, was identical for all three elements in a 
given sample. This indicates that Si, Ge and Sn occupy substitutional sites in the same 
diamond cubic structure and that the film is commensurate with the Si substrate. Figure 1 
shows the RBS random and aligned spectra for the Sio.14Geo.80Sno.06/Geo.96Sno.04/Si 
heterostructure. Note that the Sn signal of the entire layer consists of two peaks, a narrow 
high energy peak corresponding to the epilayer and the adjoining low energy Sn peak of 
the buffer layer. The Sn concentrations in each layer as determined from the peak height 
are 6 and 4 at % respectively. The epilayer and buffer layer thickness as determined from 
the peak width are 45 and 115 run respectively. The small peak located next to the Si 
substrate signal is due to the Si in the epilayer. The Si peak is well separated from the 
substrate signal (does not appear as a shoulder, or step adjacent to the substrate) 
indicating the absence of Si in the buffer layer. 

The structural properties of the films were investigated by X-ray diffraction and 
high-resolution cross-sectional electron microscopy (XTEM). The x-ray data revealed 



single-phase crystalline films, with no evidence of Sii- x Ge x , Si or Ge segregation. 
Rocking scans of the 004 reflections gave full width at half maxima between 0.25 and 
0.50 degrees indicating a tightly aligned spread of the crystal mosaics. The unit cell 
parameter obtained from the (004) reflection for samples with 6 at. % Sn was 5.694 A 
which is nearly identical to that of the underlying Ge 0 .96Sno.o4 buffer layer (5.70 A). The 
5.694 A value is close to that predicted by Vegrads Law, which in this case assumes a 
linear interpolation between the lattice constants of elemental Si and Gei. x Sn x where x is 
the Sn content in the sample. Figure 2 shows the x-ray spectrum of a sample with 
composition Sio.14Geo.84Sno.02 grown on Si(100) via a Geo.97Sno.03 buffer layer. The 004 
reflections give lattice parameters of 5.644 A for the Sio.14Geo.84Sno.02 layer and 5.696 A 
for the buffer layer. The 5.644 A value is very close to that of Ge (5.657 A) indicating 
that we have synthesized a ternary alloy that nearly lattice matches elemental Ge. 

The XTEM studies revealed thick single crystal films with remarkably low 
concentrations of threading defects. Electron micrographs demonstrating high quality 
heteroepitaxial growth of a Si 0 .i 4 Ge 0 .84Sno.o2 sample on a Geo.97Sno.03 buffer layer are 
shown in Figure 3. A typical image of the Si(100) /Ge 0 .9 7 Sn 0 .03 interface region shows 
the presence of occasional twins and {111} stacking faults which seem to annihilate 
above the interface. The main defects accommodating the large misfit between the two 
materials are Lomer edge dislocations, which are parallel to the interface plane. Finally 
the film surfaces are very smooth at the atomic scale. Atomic force microscopy (AFM) 
shows a typical root means square (rms) roughness of 0.6 to 1 .5 nm. The XTEM images 
show that all layers are uniform in thickness and confirm smooth and continuous surface 
morphologies (Figure 4). The elemental uniformity across the entire layer was 
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investigated with energy dispersive x-ray (EDX) and electron energy loss (EELS) 
spectroscopies with nanometer sized electron probes. The nanospectroscopies showed a 
homogeneous distribution of Ge and Sn throughout the buffer layer, which is consistent 
with single-phase material. Analysis across the epilayer revealed significant 
concentrations of Si, and Sn and a large concentration of Ge. The constituent elements 
appeared together at every nanometer scale region probed without any indication of phase 
segregation or Sn precipitation. A typical compositional profile derived from EDX line 
scans showing a constant Si distribution across the epilayer is presented in Figure 4. 

The local bonding environment of the Si-Ge-Sn alloys was characterized by 
Raman spectroscopy. Figure 5 shows the Raman spectrum of a Sio.uSno 06Ge 0 so sample. 
The spectrum is reminiscent to that of Si x Gei. x alloys, with three main features that are 
known in the literature as the "Ge-Ge", "Si-Ge" and "Si-Si" peaks. The similarity with 
SLGei.* alloys shows that the incorporation of Sn does not alter the relative distribution 
of Si and Ge atoms in the lattice. No Sn-related vibrations are obvious in the spectra, 
presumably due to the low Sn-concentration. However, the presence of substitutional Sn 
is apparent from the measured frequencies of the Raman modes. The dotted lines in 
Figure 5 show the expected position 10 of the three main features in Si 0 .i4Ge 0 .86 alloys. Our 
measured values are clearly downshifted with respect to the dotted lines, and we can 
show that this is due to the lattice expansion induced by Sn. Let us consider, for 
example, the Si-Si "mode". In Si x Gei. x alloys, its frequency is given by ©si-si = 521 - 
68x. 10 It has been shown that this can be written as: 11 

cosi-si = 521-49x-455 Aa/a. (1) 



The second term in Eq. (1) represents the mass disorder contribution, and the third 
term accounts for the stretching of the Si-Si bond in Si x Gei_ x alloys. Here Aa is the 
difference between the lattice constant of the alloy and that of Si. Since Ge atoms have 
very small displacements for Si-Si modes, we assume that their substitution for even 
heavier Sn atoms does not have any effect on the first term of Eq. (1). Hence the 
difference between the measured Si-Si frequency and the corresponding dotted line 
originates entirely from the second term in Eq. (1). If we imagine substituting 6% Ge 
with 6% Sn, the additional expansion of the lattice is 0.073 A, which leads to an 
additional frequency shift of -7 cm" 1 . This is in very reasonable agreement with the 
experimental value of -9 cm" 1 , particularly in view of the approximations made and the 
fact that Eq. (1) is most accurate for Si-rich alloys. 

In summary, a wide range of spectroscopic and microscopic data show that we 
have created, device quality single-phase Sii- x .yGe x Sn y alloys with metastable 
concentrations and structures on Si(100) (the thermodynamic solubility limit of Sn in Sii. 
x Ge x is less than 0.5 at.%). The combination of template mediated growth, involving 
compliant Gei. x Sn x buffer layers, and a unique reaction pathway, based on specifically 
designed interactions of simple hydrides at low temperatures, produces materials that 
cannot be obtained by conventional methods. 

This work was supported by the National Science Foundation under grant DMR 
0221993. 
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Figures 



Figure 1. RBS random and channeled spectra of Sio.14Geo80Sno.06 epilayer and 
Geo.96Sno.o4 buffer layer showing a highly aligned and epitaxial alloy heterostructure. 
Inset shows an enlarged view of the Si peak which channels remarkably well indicating 
complete substitutionality of the Si atoms in Si-Ge-Sn lattice. 

Figure 2. X-ray diffraction pattern (0 -28 scan) for the Sio.14Geo.84Sno.02/Geo.97Sno.03 
heterostructure grown on Si(100). The higher intensity peak with d = 5.696 A 
corresponds to the 004 reflection of the buffer layer. The peak with d = 5.644 A is 004 
reflection of the Sio.15Geo.s3Sno.02 overlayer. The dark line shows the location of the 
corresponding peak of pure Ge for comparison. 

Figure 3. High-resolution electron micrographs of Sio.14Geo.84Sno.02. Top panel shows the 
Sio.14Geo.84Sno.02/Geo.97Sno.03 interface demonstrating virtually perfect and defect-free 
heteroepitaxial character. Bottom panel shows the Si/Ge 0 .97Sno.o3 interface. Lomer edge 
dislocations are located at the interface and common defects such as stacking faults and 
twins are visible above interface. 

Figure 4. Top panel is a cross sectional electron micrograph of the entire 
Sio.14Geo.80Sno.06/Geo.96Sno.04/Si heterostructure showing exceptional uniformity of the 
film thickness. The thickness of the buffer layer and the Si 0 .i4Ge 0 .8oSn 0 .o6 epilayer are 1 15 
nm and 45 nm respectively, which are close to the values obtained from the RBS spectra 
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(see Figure 1). Bottom panel shows the EDX profile of Si across the buffer layer/epilayer 
interface. The slope at the interface is attributed to Si fluorescence by Ge. 

Figure 5 Raman spectrum of a Sio.14Geo.80Sno.06 film showing the Si-Si, Si-Ge and Ge- 
Ge peaks at 454 cm" 1 , 393 cm" 1 and 292 cm" 1 respectively. The dotted lines represent the 
expected peak positions for a relaxed film where all the Sn atoms are replaced by Ge 
atoms (the values for Si-Si, Si-Ge and Ge-Ge are 462 cm" 1 , 396 cm" 1 and 298 cm" 1 
respectively). 
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New and Practical Procedures for Development of Gei_ X -YSn x E y (E=P,As,Sb) and 

Related Semiconductor Alloys 

1. Novel molecular hydrides for dopant applications in the Si-Ge-Sn semiconductor 
system. 

Overview 

Development of methods dealing with incorporation of group V atoms such as P, As 
and Sb into Ge-Sn materials and other group IV semiconductors is described. These 
atoms are commonly utilized as dopants in the activation of industrially applied 
semiconductor materials such as Si, Si-Ge, and Ge. The focus of this report is to describe 
detailed new synthetic strategies based on novel molecular hydride sources to incorporate 
these atoms into the diamond lattice of these semiconductor systems. These sources are 
the previously known trigermylphosphine P(GeH3)3, trigermylarsine As(GeH3)3, and 
trigermylstibine Sb(GeH3)3 family of compounds. We are pursuing a comprehensive 
development because of potential applications in low temperature, low cost, high 
efficiency doping processes that are conducted via simple, single-step techniques. These 
compounds are particularly designed to serve as dopant sources for the newly developed 
and extremely promising Ge-Sn and Si-Ge-Sn systems so that these materials can are 
utilized to produce useful devices. Ion implantation methods and conventional CVD of 
the well known PH3 and AsEb analogs require severe and often hostile processing 
conditions and are expected to be incompatible with the properties and stability range of 
the relatively fragile Ge-Sn lattice. In addition PH 3 and AsH 3 are highly toxic and in fact 
can be lethal in relatively small doses, whereas the trigermyl family of compounds are 
safer and also easier to handle and store. 

Appendix D 
1 



We expect to use P(GeH 3 ) 3 , As(GeH 3 ) 3 , and Sb(GeH 3 ) 3 to dope functional 
materials such as SiGe, SiGeC, Ge and Si at levels that cannot be achieved by 
conventional methods. Highly doped concentration of these semiconductors that could 
be obtained via this route will have crucial advantages in electronic and optical (IR) 
device design, performance and fabrication. Currently Si-based semiconductors are 
doped with As or P by ion implantation but there are limits as to how much dopant can be 
introduced into the structure. We expect to increase the free carrier concentration by 
using these precursors with direct Ge-P, As, Sb bonds and atomic arrangements that are 
structurally compatible with the Ge-Sn lattice. Other applications of these compounds 
will include formation of super doped Si-Ge, Ge and related narrow band gap 
semiconductors by CVD reactions. The objective is to increase the density of states and 
produce a true covalent metal with interesting superconductive properties. Covalent 
metals such as the recently discovered superconductive magnesium diboride are rare. 
The potential to open up new classes of similar covalent metals via the current precursor 
method could be compelling and high risk high pay off goal this project. Such materials 
have the potential for both applications in metal-semiconductor contacts and depending 
on the density of states achievable ground breaking superconducting properties. 
Furthermore the atomic constituents of of the Ge-SnAs materials, in particular, might 
assume alternative structural arrangements with novel elastic properties. 

Several previous reports provide only preliminary results of the synthesis and some 
basic physical properties of these P(GeH 3 ) 3 , As(GeH 3 ) 3 , and Sb(GeH 3 ) 3 compounds. 
Unfortunately the original syntheses are conducted by procedures that provide low yields 
(in certain cases only traces of the desired product are produced) and are exceedingly 



difficult and involve steps that can be potentially dangerous especially for the scaling up 
phase to produce industrial-scale quantities of the product. Our work demonstrates new 
and practical methods to prepare, isolate, purify and handle these molecules in sufficient 
quantities to make them useful as chemical reagents as well as CVD gas sources. 

Introduction 

The successful synthesis of random alloys and stoichiometric compounds in the GeSn 
system has prompted investigations to develop new methods to dope thin films of these 
new materials with donor and acceptor elements such as B, P, As and Sb etc . The 
objective is to incorporate appropriate concentrations of activated atoms into the Ge-Sn 
lattice and determine the electrical and transport properties as a function of concentration. 
The dopant atoms are introduced into the host lattice in situ, during film growth via low 
temperature chemical reactions of specially designed molecular precursors. These 
compounds are designed to be stable and volatile at room temperature and posses the 
necessary reactivity to dissociate completely at Ge-Sn growth conditions, via elimination 
of benign and stable byproducts that do not contaminate the film. The ideal byproduct in 
this case is the H 2 molecule indicating that the precursors must be carbon-free inorganic 
hydrides that incorporate the desired elements P, As and Sb within a Ge coordination 
environment. The candidate precursors that fulfill the above requirements are the 
trigermylphosphine P(GeH 3 ) 3 , trigermylarsine As(GeH 3 ) 3 , and trigermylstibine 
Sb(GeH 3 ) 3 family of compounds. The reactions of these molecules with appropriate 
concentrations of SnD 4 and/or (GeH 3 ) 2 will generate Ge-Sn compositions doped with the 
desired levels of a group V element. Typically n-doping is performed by use of 



molecular PH3 and ASH3 (the SDH3 analog is unstable) or by ion implantation using solid 
sources of the elements. Ion implantation has advantages such as relatively low 
processing temperatures and the short processing times. However, it also has some major 
disadvantages, such as significant substrate damage and composition gradients across the 
film. For the thermodynamically unstable Sn-Ge lattice the re-growth temperatures, that 
are required to repair the implantation damage of the crystal, may exceed the temperature 
stability range of the film, resulting in phase segregation and precipitation of Sn. 
Therefore, the molecular source approach is likely to be more appropriate than the 
implantation route since the introduction of the dopant takes place in situ during growth 
and as the lattice is generated. In a typical growth process conducted by either gas- 
source molecular beam epitaxy (GS-MBE) or chemical vapor deposition (CVD), a 
compound with the general formula E(GeH3)3 (E = P, As, or Sb) compound will co- 
deposited along with the host Ge-Sn material. This growth reactions will eliminate 
hydrogen and generate in situ the GeaE molecular core, which contains the dopant atom 
surrounded by three Ge atoms. This arrangement represents a simple compositional and 
structural building block of the host lattice. The use Ge 3 E core as building block will 
also completely exclude formation of undesirable E-E bonding arrangements that may 
lead to clustering or segregation of the E dopant species. Thus the new approach is most 
likely to yield a highly homogeneous random distribution of the dopant at distinct atomic 
sites throughout the film. Furthermore, the doping levels may be precisely controlled by 
careful adjustment of the flux rate of the precursor during the course of the layer growth. 
A crucial benefit of trigermylarsine is its lower thermal stability compared to AsH 3> 
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which is likely to allow much lower depositions temperatures than those obtained in 
conventional CVD utilizing sources such as ASH3 and related hydrides of phosphorus. 
Synthetic methods 

There is an extensive body of published work dealing with synthesis, properties and 
reactions of the compounds (Me 3 Si) 3 E, (Me 3 Ge) 3 E, (Me 3 Sn) 3 E, and (Me 3 Pb) 3 E (E = P, 
As or Sb)'" 20 , which are the organometallic analogs of the desired precursors. These 
materials have been widely utilized as common reagents in classical metathesis reactions 
to produce large families of molecular systems that incorporate the (Me 3 Si)2E, 
(Me 3 Ge) 2 E, and (Me 3 Sn) 2 E ligands. However there is relatively little activity associated 
with the corresponding hydrides, which are completely C-H free, despite their potential 
importance as precursors for deposition of novel microelectronic and oproelectronic 
materials. The (SiH 3 ) 3 E family of molecules has been synthesized 2 1-26 and the properties 
have been investigated. The high reactivity of the Si-H bonds and the absence of carbon 
from the molecular architecture indicate that these compounds could be ideal sources for 
low temperature depositions of semiconductors doped with P and As. The synthetic 
methods are nevertheless complex and require use and handling of highly toxic, 
explosive and pyrophoric reagents such as PH 3 , AsH 3 , KPH 2 etc. In additon, the reaction 
yields are too low to even be considered useful for routine laboratory use. Thus these 
compounds could not be viable sources for industrial applications. 

On the other hand there very few reports concerning the germanium analogs 
(GeH 3 ) 3 E , 27 " 30 and no report has been found describing the tin (SnH 3 ) 3 Sn and lead 
(PbH 3 ) 3 Pb species. The (GeH 3 ) 3 P, (GeH 3 ) 3 As, (GeH 3 ) 3 Sb are desirable for the synthesis 
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of Gei_ x -ySn x P(As,Sb)y systems. (GeH 3 ) 3 P was originally obtained by treating a small 
excess of GeH 3 Br with (SiH 3 ) 3 P as illustrated by the equation below. 

3 GeH 3 Br + (SiH 3 ) 3 P -> 3 SiH 3 Br + (GeH 3 ) 3 P 
No yield was reported and the product was characterized by hydrogen analysis, 'H and 
31 P NMR, IR and mass spectroscopy. (GeH 3 ) 3 P was described as a colorless liquid with a 
melting point of -83.8°C and a vapor pressure of 1 mmHg at 0°C. 

(GeH 3 ) 3 As and (GeH 3 ) 3 Sb were prepared in low yields by the reaction of bromogermane 
with the corresponding silyl compounds (which as indicated above are difficult to 
produce in sufficient yields to be practical reagents for routine laboratory synthesis). 
These compounds were identified and characterized by NMR, IR, and Raman 
spectroscopies. These molecules were found to decompose very slowly, over time, at 
room temperature to give germane and an unidentified involatile substance. Their vapor 
pressures were not reported but there was mention of distilling the liquids onto CsBr 
plates to obtain IR spectra, indicating that they are sufficiently volatile to allow 
significant mass transfer under vacuum. 

(GeH 3 ) 3 P has also been synthesized by the redistribution reaction of silylphosphines and 
germylphosphines in the presence of B5H9. 31 In these reactions, B5H9 and GeH 3 PH2 were 
intermixed in the gas phase at room temperature and the trigermylphosphine (20% yield) 
was found in the reaction vessel along with PH 3 , GeH 4 , and unreacted starting material. 
We have discovered a new convenient and high yield method to prepare (GeH3) 3 P, 
(GeH 3 ) 3 As, and (GeH 3 ) 3 Sb. This new route is based on the general reaction described by 
the equation below, and provides large concentrations of the final product (>70 %) to 
allow a thorough characterization, purification and ultimately applications in film growth. 
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This new procedure is extremely simple and utilizes the more common and relatively 
inexpensive trimethylsilyl derivatives [(CH 3 ) 3 Si)] 3 P, [(CH 3 )3Si)] 3 As, and [(CH 3 ) 3 Si)] 3 Sb 
for which straightforward, large scale syntheses are well established. 
3 GeH 3 Br + [(CH 3 ) 3 Si)] 3 E -» 3 (CH 3 ) 3 Si Br + (GeH 3 ) 3 E (E = P, As, Sb) 
The preparation is achieved by the reaction of GeH 3 Br with [(CH 3 ) 3 Si)] 3 E (the former 
is readily obtained by a single step reaction of GeH 4 with Br 2 ). The (GeH 3 ) 3 E products 
are obtained as colorless volatile liquids (consistent with previous reports) and are 
purified by trap-to-trap fractionation. Typical yields ranging from 70% to 76% are 
obtained. The ! H NMR and gas phase IR data of our products closely match the 
previously reported values. These data conclusively reveal that we are able to synthesize 
and purify the desired compounds. Their application in CVD was also examined by a 
brief survey of growth experiments. 

Depositions of trigermylarsine via ultra-high vacuum CVD (UHV-CVD) showed that 
the molecule decomposes on Si (100) at temperatures as low as 350°C to form a thin 
films with approximately 30 at.% As indicating that the entire Ge 3 As molecular core is 
incorporated into the deposited material. Low-pressure CVD growth of As doped Gej. 
x Sn x films was also demonstrated. Arsenic concentrations up to 2 at % were obtained. 
Doping level incorporations were also achieved by reactions of appropriate 
concentrations of As(GeH 3 ) 3 . Overall, the growth experiments demonstrated that 
compositional control of As in Ge-Sn can be obtained by simply varying the partial 
pressure of the reactant gases As(GeH 3 ) 3j SnD 4 and Ge 2 H 5 . The films have been 
characterized by RBS to determine the Ge to Sn ratio, particle induced X-ray emission 
(PLXE) to determine the As concentrations see Figure 1, TEM to show that the 
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microstructure and epitaxial character is of good (Figure 2) quality, and x-ray diffraction 
to show that the film has an average diamond cubic lattice. Low energy secondary ion 
mass spectroscopy (SIMS) showed highly homogeneous profiles of As and the Ge and Sn 
constituent elements throughout the film (Figure 3). 

2. Synthesis of superconductive Si-Ge: P, As, Sb 

The superconducting transition temperature predicted by standard BCS theory is 
approximately given by 31 

B 

where <o D is Debye's temperature, V the average electron-phonon coupling, and D(jj) the 
electronic density of states at the Fermi level. One notices from Eq. (1) that an increase in 
the density of states leads to an increase in the transition temperature, and that this 
dependence is very strong because the density of states appears in the exponential factor. 

Doped semiconductors are in principle metallic systems susceptible of 
semiconducting transitions, but they are not usually viewed as potential superconducting 
materials. This is due to the relatively low electron concentrations achievable by 
conventional doping and to the low density of states near the bottom of the conduction 
bands in most standard semiconductors. Nevertheless, some theoretical and experimental 
effort has been devoted to the study of possible superconductivity in these systems. In 
particular, Cohen speculated 32 that a superconducting transition could be made 
observable in Sii^Ge* alloys by carefully tuning the concentration x so that the 
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conduction band has 12 minima of equal energy along the {111} and {100} directions in 
the Brillouin zone. 

Our doping approach will involve CVD reactions of P(GeH3) 3> As(GeH 3 )3, and Sb(GeH 3 ) 3 
with the appropriate Si and Ge hydrides. It has the potential of leading to much higher 
dopant concentrations, and therefore the issue of superconductivity in semiconductor 
system may acquire an entirely new relevance. Moreover, at the time the Cohen paper 
was written the only practical way to tune a band structure was by alloying. By contrast, 
today we control two additional band tuning mechanisms: epitaxial strain and 
confinement. By growing thin layers of doped semiconductors on appropriate substrates 
we can achieve much higher density of states than by simple alloying. This may lead to 
substantial increases in the superconducting transition temperatures of these materials. 

Development H 3 Si-GeH3. A new volatile hydride precursor to SiGe epilayers and 
nanostructures and a superior alternative to GeH 4 in CVD of Sii. x Ge„ processes. 

The most common gas sources for CVD of Si-Ge semiconductors are the classical 
hydrides SifL, and GefL,. Both are synthesized using conventional methods and can be 
processed to obtain semiconductor grade specifications and purities. A high yield 
method of synthesis for Gelt, was recently developed by Voltaix Corporation. A hybrid 
of GeH4 and SiH 4 with molecular formula H 3 Si-GeH 3 is of enormous technological 
interest because of its potential application as a single, low -temperature precursor to grow 
high Ge content Sii- x Gex alloys. This compound can be adapted easily to existing CVD 
technologies and it is expected to become the ideal alternative to GeH4 and provide 
additional benefits such as low processing temperatures, stoichiomtery control of the 
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film, and homogeneous compositional distributions of the Si and Ge elements. This 
material can also be used to grow stoichiometric SiGe via a unimolecular 
dehydrogenation as well as alloys with concentrations x < 0.50 via CVD reaction of SiH 4 
or Si2He. The original synthesis of H 3 Si-GeH 3 was reported by McDiarmad et al. in 
.1964. These authors used electric discharges of silane and germane to obtain small 
quantities (5% yield) of the product. The primary goal was to establish the identity of the 
compound and study key physical and spectroscopic properties. Recently we discovered 
a new and practical method to prepare the compound in practical yields (30 %) so that it 
can be utilized in semiconductor research and development. Our method employees 
inexpensive reagents and conventional laboratory procedures that are much easier to 
those described in the previous synthesis. Our method has afforded excellent purity 
material which was used to produce SiGe nanostructures on Si(100) via the GSMBE 
method and novel Si-Ge-Sn alloys via UHV-CVD. The synthetic procedure is 
summarized by the equation below: 

H 3 Si0 3 SCF 3 + KGeH 3 -» H 3 SiGeH 3 + KSi0 3 SCF 3 

Procedure 

A 45 mL solution of 4.00 g KGeH 3 (3.49 mmol) in monoglyme was slowly added 
dropwise, via addition funnel, over the course of 45 minutes to a 35 mL toluene solution 
of 9.43 g H 3 SiOS0 2 CF 3 (5.24 mmol) in a 250 mL flask at -60° C. A distillation 
assembly of a series of traps was connected to the apparatus. The reaction procedure 
involved dropwise addition of a KGeH 3 /monoglyme solution to H 3 Si0 3 SCF 3 solution in 
monoglyme with vigorous stirring. The products were removed by continuous passing 
through U traps maintained at -78° and -196° C traps under static vacuum. This 
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procedure was maintained until all the reagents were combined and reacted. The -60° C 
bath was then removed and the reaction vessel was slowly warmed to room temperature 
with continuous pumping. Pumping was maintained for an additional hour at room 
temperature. The products was collected in the -196° C trap and the impurities remained 
in the -78° C trap. Gas-phase IR spectroscopy revealed the presence of benzene, 
monoglyme, toluene (-78° C trap), gcrmylsilanc, silanc, and germane (-196° C trap B). 
The compound was redistilled through traps held at -78°, -135° and -196° C in which 
pure H 3 GeSiH 3 (-135° C trap) was obtained. A quantity of 185 Litter-Torr; 30% yield 
was obtained based on KGeH3 used. 
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Figure 1. PIXE spectrum of Ge-Sn:As. Quantification obtained from fitting 
the peaks showed that the film contained about 3% at % As. 
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Figure 2. Low energy SIMS profile Ge-Sn:As, (3 at %As concentration) 
showing fairly homogeneous distribution of the elements 
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Figure 7.22. High resolution electron micrographs and diffraction pattern o£ 
Ge-Sn:As, (3 at %As). Top: Electron micrograph of the entire layer thickness,. 
Bottom (left) High resolution image of the Si/layer interface. Bottom (right): 
selected electron diffraction pattern of the interface region showing an average 
diamond cubic lattice. 
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